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A b s t r a c t
In this thesis, a generic specification and test methodology for developing and 
evaluating novel distribution main repair systems for circumferential cracks in iron 
pipes has been proposed. The performance criteria suggested in the specification are 
(i) watertight seal, (ii) strength, (iii) crack bridging ability, (iv) minimum interruption 
to supply, (v) water quality approval, (vi) durability, (vii) minimum financial cost, 
(viii) versatility, (ix) flexibility, and (x) reduction in environmental impact.
A case study of novel polymeric repair systems was investigated using the generic 
methodology as the basis for performance evaluation and testing. Polymeric paste 
and bandage-type repair systems, proposed by the author, form a watertight seal over 
a failure by chemical bonding to the iron substrate, rather than through mechanical 
compression of an elastomeric gasket, as is the case with current repair clamps. The 
materials tested were typically intended for use within the water industry for other 
applications than repair and included epoxy, silicone, acrylic and phenolic resins, 
butyl rubber, and various bandage-type products. In addition, the effect of surface 
preparation on the polymer/iron bond strength was investigated.
It was concluded that no currently available products were suitable as water pipe 
repair systems when used in the manner described in this thesis. Epoxy resin applied 
as a paste repair was found to be the strongest of the systems tested. The low 
viscosity of the liquid polymer products reduced the ease with which paste-type 
repair systems could be applied to a pipe. For most of the products tested there was a 
requirement for mains depressurisation whilst curing, resulting in an interruption to 
the supply of water to customers.
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C hapter I - Introduction
1. In t r o d u c t io n
Failures in water mains result in the loss of potable water from the distribution 
system and, in severe cases, significant consequential damage to the surrounding 
environment (Cooper et al, 1999). The extent of the pipe failure problem in the 
United Kingdom can be assessed by examining current leakage levels. For example, 
in 1999-2000, the mean total leakage rate in England and Wales was 143 
litres/property/day (Ofwat, 2000a). This compares to an average estimated per capita 
consumption (for unmeasured households; see Section 2.1.3) of 151 litres/head/day 
(Ofwat, 2000a). That is, the volume of water lost through leakage per property per 
day is approximately equal to the volume of water used by one person living within 
that property.
Leakage of potable water may occur in all parts of the distribution system, from the 
treatment works outlet to customers’ taps. Types of pipeline failure include 
circumferential and longitudinal cracks, corrosion holes and leaking joints or ferrules 
(the connections to customers’ service pipes). The frequency of occurrence of each 
failure type varies with the size of pipe and the pipe material (Newport, 1981; Kettler 
and Goulter, 1985; Lowdon and Tilly, 1999). The process of reducing leakage 
includes both the immediate repair of individual incidents of pipe failure and the 
strategic rehabilitation or replacement of lengths of poor quality main. The subject 
of rehabilitation has received much attention in recent years (Evins et al., 1989; 
Gumbel et al., 1995). This work focuses on the process of repair of individual 
failures, to which there has been little research directed to date.
The scale of the effort undertaken in repairing pipe failures may be appreciated by 
reviewing the number of mains bursts in the UK each year. In the period April 1999 
to March 2000 there were over 62 000 mains bursts requiring repair (Ofwat, 2000b). 
The process of pipe repair necessitates the excavation of approximately 1 m3 of spoil, 
the provision of a repair system (typically a mechanical clamp) and backfilling with 
virgin aggregate. In addition, there may be traffic delays, disruption to local
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residents and noise and dust pollution. Thus, as well as a direct financial cost, the 
process of pipe repair has significant social and environmental impacts.
Currently, circumferential fractures and corrosion holes in distribution mains are 
repaired with metallic repair clamps, which function by mechanical compression of 
an elastomeric seal. Repair clamps were originally considered to be temporary 
devices which were installed as an emergency measure prior to the cutting out and 
replacement of the failed section of pipe. However, today repair clamps are used as a 
permanent repair technique. Improvements to repair clamp design have been 
piecemeal in nature and no previous fundamental review of repair system properties 
and performance could be found. Current water industry guidelines for the 
performance and testing of repair systems are specific to mechanical repair clamps. 
They have been produced in collaboration with repair clamp manufacturers (McBride 
and De Rosa, 1989; WIS 4-21-02:1994) and as such are based on what is currently 
achieved rather than promoting the best solution for a failed pipe. There are 
presently no guidelines or appropriate testing regime for any type of repair system 
other than those based on mechanical compression of an elastomeric gasket by a 
bolted metal shell. This means that entry into the market by novel repair systems is 
limited as there is no specification against which to measure their performance.
The objective of this work has been to bring together current distribution main failure 
knowledge and apply this to the development of a generic specification and test 
methodology for distribution main repair systems. Novel polymeric distribution 
main repair systems have then been investigated as a case study. Polymeric repair 
systems form a watertight seal by chemical bonding to the iron substrate, rather than 
depending on mechanical compression of an elastomeric gasket to effect a seal, as is 
the case with current repair clamps.
In Chapter 2 a review of the literature concerning leakage and distribution main 
failure and repair is presented. The Thames Water FRAXCOM database has also 
been analysed to provide additional information on pipe failure. In Chapter 3 a 
generic methodology for developing novel distribution main repair systems is 
proposed by the author. Current and potential performance criteria are discussed and
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a generic test methodology for evaluating the performance of any type of repair 
system is proposed. A case study is then presented in Chapters 4 and 5, where novel 
polymeric repair systems are considered. In Chapter 4 the novel repairs, based on 
paste or bandage-type systems, are conceptualised and a specific experimental 
programme for testing polymeric systems is developed, based on the generic 
methodology in Chapter 3. In Chapter 5 the results of the test programme are 
presented. The results and application of the research are discussed in Chapter 6 and 
conclusions are presented in Chapter 7.
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2. L e a k a g e  a n d  W a t e r  D is t r ib u t io n  M a in
F a il u r e
In the UK, potable water is pumped from treatment works to customers’ properties 
through a series of pipelines and interim storage reservoirs, known collectively as the 
distribution system. Leakage of potable water from the distribution system has long 
presented a challenge to the water industry (Deacon, 1882; Hope, 1892). In recent 
years there has been increased public awareness (Smith, 1997) and political drive 
(Dobson, 1995a, b; Dobson 1996; Watts, 1996; Anon., 1997a; Manson, 1997) to 
reduce leakage. This may be partly due to the privatisation of the water industry in 
England and Wales in 1989 and the consequent desire from customers to get ‘value- 
for-money’ from companies seemingly deriving profit from the exploitation of a 
public good (Breach, 1996; Buller, 1996). Recent water shortages, such as the 
nation-wide drought that in particular affected Yorkshire water in 1995 (Marsh, 
1996; Smith, 1997; Waughray, 1997), and increased public awareness of 
environmental issues (Oatridge, 1996) may also contribute to the greater demands on 
water companies to reduce leakage.
Leakage of potable water results when there is a failure in the structural integrity of a 
water main. Failure occurs when there is an increase in the loading applied to a main 
such that it exceeds the strength of the main (see, for example, Crofts et al., 1977; 
Pocock et a l, 1980; Gilbert and Emerson, 1981; Needham and Howe, 1984), or 
when the pipe material degrades to an extent that it can no longer support existing 
loading (Chambers, 1983; Atkinson et al., 2001).
To reduce leakage, improvements to the structural integrity of water mains are 
required. These may be made in three ways: repair, rehabilitation or replacement. 
Repair refers to the localised sealing of an individual pipeline failure, usually from
rvo O OlT^  i o w
the outside of the pipe. Rehabilitation involves the improvement of a length of the 
existing pipeline by the application of a pipe lining. Replacement refers to the 
installation of a new section of pipeline in place of the old. The difference between 
replacement and rehabilitation (see Section 2.2.2 below) is indistinct in some cases
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and for this reason they will both be dealt with under the title of rehabilitation in this 
thesis.
In Section 2.1 an overview of leakage and the water distribution system is presented. 
Field operations to reduce leakage levels are considered in Section 2.2, including leak 
detection and repair, pipeline rehabilitation and pressure control. Pipeline failure is 
then considered in more detail. In particular, the relationships between pipeline 
diameter and failure rate, and pipe material and failure rate are discussed in Sections 
2.3 and 2.4, respectively. In Section 2.5 the different modes of pipeline failure are 
considered. Causes of circumferential fracture, longitudinal fracture, and holes are then 
discussed in Sections 2.6, 2.7 and 2.8, respectively. A history of distribution main 
repair concludes the literature review in Section 2.9.
2.1 Leakage and the water distribution system
There are currently 10 major water companies in England and Wales that provide 
both potable water and sewage disposal services, and a further 16 smaller companies 
that supply only potable water. A regulatory system exists to ensure an adequate 
level of service is provided by the private water companies. There are three main 
governmental bodies that comprise the regulatory authorities: the Environment 
Agency (EA), the Office of Water Services (Ofwat) and the Drinking Water 
Inspectorate (DWI). With respect to the water industry, the EA has a responsibility 
to promote the conservation and enhancement of inland and coastal aquatic 
environments, including flora and fauna dependent on them, and to promote the use 
of such waters for recreational purposes (Environment Act, 1995). Ofwat, under the 
Director General of Water Services, has a duty to regulate the financial aspects of 
water supply, by allowing water undertakers to finance their requirements whilst 
protecting the interests of customers (Water Act, 1989). In fulfilment of this role, 
Ofwat must promote the economy and efficiency of water undertakers (Water Act, 
1989). The DWI acts on behalf of the Secretary of State for the Environment, 
Transport and the Regions to regulate the quality of public drinking water supplies 
(Water Act, 1989; DWI, 1999)
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The EA and Ofwat have different interests in leakage, for diverse reasons. The 
concern of the EA is directed at the environmental impacts associated with leakage. 
For example, water lost through leakage was originally abstracted from rivers and 
groundwater sources and may therefore be contributing to over-abstraction problems 
(WRc, 1994b; Environment Agency, 1998). In the case of Ofwat, their concern is 
the effect of leakage on the efficiency of the service provided to consumers (WRc, 
1994b; Ofwat, 2000a). This includes the provision of potable water at a reasonable 
price and the reliability of supply in times of drought, both of which may be 
adversely affected by leakage.
Leakage of drinking water occurs primarily in the water distribution system, rather 
than during the treatment process or from any other upstream point. The water 
distribution system comprises all the elements required to transport water from the 
treatment works to the customer. This includes pipes, pumps, reservoirs, valves and 
all associated joints and fittings. Pumps are used at the outlet of treatment works and 
at other locations in the distribution system where boosting is required to maintain 
water pressure. Service reservoirs are enclosed potable water storage tanks located 
throughout the distribution system. Their function is fourfold: to balance the 
fluctuating demand on the distribution system, allowing treatment works and major 
pumps to operate at consistent outputs; to provide a continuing supply should there 
be a failure of either treatment works or trunk mains; to maintain a suitable pressure 
in the distribution system and reduce pressure fluctuations; and to allow a reserve of 
water to meet emergency demands such as fire fighting (Twort et al., 1994).
Pipelines may be classified as one of three types: trunk mains, distribution mains or 
service pipes (Figure 2.1). Trunk mains are usually large diameter pipes (>300 mm) 
which have a strategic function, for example they may transport water from treatment 
works to supply zones (Randall-Smith et a l, 1992; Twort et al., 1994). They have 
little or no other pipelines connected to them. Distribution mains are smaller pipes 
that have frequent connections to individual customers. They are typically 100 mm 
to 300 mm in diameter (Twort et a l, 1994). Service pipes are small in diameter 
(usually <75 mm) and connect customers’ premises with nearby distribution mains 
(Evins et a l, 1989). The fitting used to connect the service pipe to the distribution
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main is known as a ferrule. Although physically one pipe, the service pipe is 
classified as two components, the communication pipe and the supply pipe (Evins et 
al., 1989). The communication pipe is the section between the distribution main and 
the customer’s property boundary and is the responsibility of the water company. 
The supply pipe is the section on the customer’s property and belongs to the 
customer.
reservoir treatment works
service trunk main
communici distribution
mains
Figure 2.1 The distribution system
C la ire  A shton  -  M P hil 1
C hapter 2 - L eakage an d  W ater D istribu tion  M ain F ailure
Distribution losses are the difference between water put into supply at the treatment 
works and water delivered, with an allowance made for operational usage by water 
companies (Ofwat, 2000a). Supply pipe leakage is estimated separately as this is 
legally the responsibility of the customer. Total leakage includes both distribution 
system and supply pipe losses (Ofwat, 2000a). Leaks may range from catastrophic 
burst mains, causing widespread flooding and damage, to small incidences of 
seepage from pinholes in pipes or failed seals on fittings, which may remain 
unnoticed for prolonged periods or even indefinitely. It is generally accepted within 
the UK water industry that bursts are classified as individual failures with a leakage 
flow rate of more than 500 litres/hour at 50 m pressure (WRc, 1994d). Leakages at 
lower flow rates are theoretically considered to be background losses which are not 
viable to locate and repair (WRc, 1994d). However, in the field the size at which a 
leak becomes possible to detect depends on the individual situation and may in 
practice be greater or lesser than 500 litres/hour (at 50 m pressure).
In the following sections specific aspects of leakage and its measurement are 
considered. In Section 2.1.1 methods of estimating leakage levels are discussed. The 
measures used to display and compare leakage data are considered in Section 2.1.2. 
Using these measures, leakage data for the UK since 1992 is then reviewed in 
Section 2.1.3. In Section 2.1.4 the concept of an economic level of leakage (ELL) is 
discussed.
2.1.1 Methods o f leakage estimation
The leakage levels reported annually by each water company to Ofwat (see, for 
example, Ofwat, 2000a) are not determined by actually measuring water leaking 
from the distribution system. Instead, two methods of approximating leakage are 
used (Ofwat, 2000a). The Integrated Flow Method is a measure of all the known 
outputs from the distribution system subtracted from the volume of water put into 
supply (WRc, 1994c; Ofwat, 2000a). The difference between the input and output 
when considering the water balance is determined to be leakage. The other method 
for estimating leakage is the Minimum Night Flow Method (WRc, 1994d; Ofwat, 
2000a). Flow meters are located on trunk mains to monitor the volume of water 
entering discrete zones of approximately 500 to 2000 properties, known as a District
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Metered Areas (DMAs)(WRc, 1994d). Measurements are taken in the early hours of 
the morning when genuine consumption by customers is assumed to be at a 
minimum. The recorded flow values are mostly comprised of water lost within the 
zone through leakage. The concept of measuring leakage by the use of district 
meters has been considered for over one hundred years (Deacon, 1982), but it is only 
recently that the wide-scale installation of district meters by most UK water 
companies has made this an effective method of leakage estimation in the majority of 
areas.
Both the Integrated Flow Method and the Minimum Night Flow Method suffer from 
two main sources of error which may contribute to inaccurate calculations of leakage: 
flow meter error and incorrect estimations of unmeasured components of water flow. 
Both methods of calculating leakage rely on measuring flows within the distribution 
system using flow meters. It is recognised that most flow meters currently used to 
measure domestic and non-household usage are inaccurate, particularly when 
measuring low flows (Pepper, 1985; WRc, 1994d; UKWIR, 1996; Ofwat, 2000a). 
The majority of domestic flow meters in use in the UK are of the rotary piston type 
(UKWIR, 1996). These under-register the volume of flow by water bypassing the 
rotating piston, particularly at low flows or after damage caused by particulate 
material carried by the water (UKWIR, 1996). To compensate for the loss of 
measurement at low flows, companies include an estimate of meter under-registration 
in the water usage data presented to Ofwat in the July Returns (Ofwat, 2000a).
Estimations of different categories of water usage are required for both the Integrated 
Flow and Minimum Night Flow Methods. For the Integrated Flow Method, 
components of the total flow not specifically measured by flow meters are (WRc, 
1994c):
• unmeasured domestic consumption
• unmeasured non-household consumption
• operational usage
• water taken legally
• water taken illegally
C laire Ashton  -  M P hil 9
C hapter 2 - L eakage and  W ater D istribu tion  M ain F ailure
Unmeasured domestic consumption is estimated by flow metering of representative 
samples of customers (WRc, 1994c; Edwards, 1995). Customers may or may not be 
aware of the presence of the flow meter but are not billed according to the volume of 
water used so as not to influence their use pattern. Unmeasured domestic 
consumption is estimated to account for approximately 49.0% of the total water put 
into the distribution system in England and Wales (Ofwat, 2000a). Unmeasured non­
household consumption includes industrial and retail premises that are not metered. 
Operational usage is that water used by water companies for activities such as pipe 
and sewer flushing (WRc, 1994c). Water taken legally includes water used for 
public services such as fire fighting, highway washing and weed control (WRc, 
1994c). Water taken illegally includes any other permanent or temporary 
connections which are not used for public services or for which remuneration is not 
paid to the relevant water company.
All of the components of the water balance are estimated by the water company 
concerned, based on in-house data and/or data from external organisations. 
Unmeasured non-household consumption, operational usage, and water taken (both 
legally and illegally) account for approximately 1.2%, 0.6% and 1.1%, respectively, 
of the total water put into supply. Overall, at present in England and Wales the 
volume of water measured at the point of delivery amounts to only 31.9% of the total 
water put into the distribution system, with the remaining water attributed to 
unmeasured usage (52.0%) and leakage from the distribution system (16.1%)(Ofwat, 
2000a).
For the Minimum Night Flow Method, an estimate of household and non-household 
usage in the early hours of the morning is required. These estimates are then 
subtracted from the flow measurements recorded by the relevant district meter to 
give an approximation for leakage in that DMA. WRc (1994e) suggest a mean value 
of 1.7 1/prop/hr night usage could be taken for domestic customers based on a review 
of several studies carried out by UK water companies. A study has also been carried 
out to provide estimates of approximate night use values for categories of 
unmeasured non-household consumers (WRc, 1994d). It should be noted that the 
Integrated Flow Method provides an estimate of leakage from the output of the
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treatment works to the customer’s property boundary, where a meter would be 
situated. Supply pipe leakage is included within the measurement or estimation of 
customer usage. For the Minimum Night Flow Method, leakage is estimated from 
the district meter to the customer’s internal stopcock. This includes supply pipe 
leakage but excludes trunk main and service reservoir losses. These differences 
should be borne in mind when comparing various leakage values obtained from the 
two methods.
Supply pipe losses are recorded separately from distribution system leakage as they 
are legally the responsibility of the customer and, particularly for metered customers, 
are billed as part of customers’ usage. Customers have a lawful duty not to waste or 
misuse water, and this includes leakage of water from failed pipes (Section 73, Water 
Industry Act, 1991; Water Supply (Fittings and Installations) Regulations, 1999). 
Section 75 of the Water Industry Act (1991) gives water companies the power to 
serve notices on customers to repair leaking supply pipes. However, water 
companies have a duty to promote the efficient use of water by their customers 
(Section 93A, Water Industry Act, 1991; Ofwat, 2000a) and therefore take action to 
reduce supply pipe leakage, for example by repairing such leaks free of charge 
(Anon, 1997b; Ofwat, 2000a).
The calculated volume of leakage may be overestimated if district and household 
flow meters are under-registering, or if components of the water balance, particularly 
unmeasured domestic consumption, are underestimated. Conversely, leakage may be 
underestimated if meters at the input into the distribution system are under­
registering, if output meter under-registration has been over compensated for, or if 
unmeasured components of the water balance have been overestimated. Ofwat 
requires companies to reconcile the results of the Integrated Flow Method and the 
Minimum Night Flow Method when presenting leakage data to promote the use of 
accurate figures (Ofwat, 2000a). Where leakage data is deemed to be inaccurate 
because of the methodology used or anomalous results, Ofwat may question the 
validity of the analysis and require remedial measures to be implemented.
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2.1.2 Measures o f  leakage
In practice, leakage is estimated as a volume of water lost within a given 
geographical area. In order to compare leakage data between water companies and to 
monitor individual company’s performance year on year, there are three measures 
that are used for reporting leakage levels: megalitres per day; litres per property per 
day; and cubic metres per kilometre of main per day. All three measures are used to 
report water company leakage data by Ofwat in the annual Report on Leakage and 
Water Efficiency (see, for example, Ofwat, 2000a).
Measurement of leakage in megalitres per day gives an absolute value of the volume 
of water lost but does not allow easy comparison between different sized water 
companies. Therefore, methods of normalisation are used to relate the volume of 
water lost to other measures, such as the number of properties connected to the 
distribution system or the length of pipeline in the network. Normalisation by the 
number of properties associates the leakage rate with the number of communication 
pipes connected to distribution mains. This is important because ferrules are known 
to be a significant source of leakage (Newport, 1981; Moruzzi, 1987; Smith, 1988). 
Normalisation by the length of mains associates the leakage rate with the length of 
trunk and distribution mains rather than the number of connections. This may be a 
more flattering measure in rural areas where a relatively small volume of water is 
transported through a significant length of mains (WRc, 1994a).
It has been suggested that the measures of litres per property per day and cubic 
metres per kilometre of main per day could be combined (WRc, 1994a). This would 
be done by measuring the volume of leakage per kilometre of pipe per day, where 
‘pipe’ includes the length of trunk and distribution mains plus the length of all 
communication pipes. This measure therefore includes both a measure of the length 
of the distribution system and an element of the number of connections. A possible 
problem with this approach is that ferrule connections are known to be a significant 
source of leakage (Newport, 1981; Moruzzi, 1987; Smith, 1988) and the relatively 
small length of communication pipe included in the analysis may not adequately 
represent the cumulative effect of ferrules on leakage. In practice, this method of 
leakage representation is not used in publications by Ofwat (Ofwat, 2000a).
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Absolute leakage in megalitres per day, litres per property per day and cubic metres 
per kilometre per day are the three measures currently presented by Ofwat.
2.1.3 Leakage levels
The mean leakage levels for England and Wales for the past seven years are shown 
in Figure 2.2, using all three current Ofwat measures. It can be seen that leakage 
rates have been decreasing since 1994-95. Variations in the plots depending on the 
normalisation factor used are caused by variations in the length of main or number of 
properties reported to Ofwat each year as the volume of leakage used to calculate 
each measure is the same. The data indicate that there has been a greater percentage 
decrease in leakage since 1992 when scaled according to the number of properties or 
length of main than when considering the absolute volume of leakage in megalitres 
per day. This may be because the distribution system has been expanding 
due to new housing developments and therefore the amount of leakage estimated is
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Figure 2.2 Mean UK annual leakage rates (after Ofwat, 2000a)
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spread over a larger geographical area. It is therefore helpful that Ofwat present 
leakage data in several forms, to take account of both differences between 
companies’ geographical situations and differences between overall network size 
year on year.
2.1.4 The economic level o f leakage (ELL)
When considering the process of leak detection and location, it can be understood 
that smaller leaks are more difficult to identify than larger ones. In particular, small 
levels of seepage from seals and small pipeline failures are practically impossible to 
detect and locate. The water industry regulators accept that it is economically non- 
viable to reduce the leakage rate to zero (Ofwat, 2000a). However, water companies 
are required to reduce leakage further and to agree annual leakage reduction targets 
in consultation with Ofwat (Ofwat, 2000a). Consequently, an allowable level of 
leakage between current levels and zero is sought. This is represented by the concept 
of an economic level of leakage (ELL).
Total cost of leakage
Marginal cost of 
leakage reduction
Marginal cost of 
water supplied
ELL
Leakage
Figure 2.3 Schematic of the economic level of leakage (ELL)
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In practice, the cost of the process of reducing leakage per unit volume lost increases 
as remaining leaks become smaller and more difficult to detect and locate. The cost 
of the water that is lost through leakage also varies depending on the availability of 
supply and storage. For evaluation of the ELL, the cost of leakage reduction is 
therefore compared with the cost of the water no longer lost. Financially, an 
economic level of leakage (ELL) is considered to be reached where the marginal cost 
of active leakage control equals the marginal cost of the leaking water (WRc, 
1994b)(Figure 2.3). In other words, the ELL is the point at which the cost of 
reducing leakage by lm 3 equals the value of that lm 3 of water saved (WRc, 1994b).
The ELL is also used to determine the optimum leakage control solution for a given 
situation. Various network management techniques for the reduction of leakage are 
discussed more fully in Section 2.2. These include either rehabilitation of lengths of 
main lacking in structural integrity or the repair of individual failures. The cost of 
rehabilitation or replacement may be compared with the cumulative pipeline repair 
cost to determine the optimum timing for renovation (Clark et al., 1982; Kleiner and 
Rajani, 1999).
Since the theory of an economic level of leakage was originally proposed over 25 
years ago (Howe, 1971; Rees, 1974), it has become considered appropriate to include 
a measure of social and environmental costs in the evaluation, in addition to financial 
costs (WRc, 1994b). Several studies have been published giving guidelines for 
inclusion of social and environmental factors in the ELL (UKWTR, 1997; Mawdsley 
and Sherwood, 1997; Howarth, 1998; Atkinson et al., 2001) but no universally 
accepted methodology for the UK water industry has yet been determined. The 
concept of an ELL is a complex issue that has become important in the UK water 
industry but of which further discussion is beyond the scope of this thesis.
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2.2 Leakage reduction: field operations
Once an area within a distribution system has been identified as having a high 
leakage level, practical methods for reducing leakage are required. In this section, 
leakage reduction field operations are reviewed. These include (i) leak detection, 
location and repair; (ii) pipeline rehabilitation; and (iii) pressure control.
2.2.1 Leak detection, location and repair
One aspect of the reduction of distribution system leakage is the identification and 
correction of individual sources of leakage. The process by which leaks are 
identified is twofold; firstly, instances of high leakage within the distribution system 
are detected; secondly, individual leaks are specifically located. Following 
identification, leaks require correction by localised repair.
The process of leak detection is facilitated by district metering and night flow 
measurement, which are also used as described above in Section 2.1.1 to estimate 
levels of leakage. Significant leakage is indicated when a DMA has an unexpectedly 
high level of night flow or there is an increase in flow once regular monitoring has 
begun (WRc, 1994d, e). Within a DMA, leaks of various flow rates may be 
occurring at a number of locations. Boundary meters may be used in a method called 
step flow testing to narrow down the location of large leaks within a DMA defined as 
having high leakage levels (UKWIR, 1999). Step flow testing is carried out in the 
early hours of the morning, typically between 1 a.m. and 4 a.m., when customer 
usage is expected to be low. Flow readings are taken from one meter as various 
downstream valves are closed to identify the location of high flow(s) indicative of 
leakage within the DMA (Pepper, 1989; WRc, 1994f; Monro, 1996). Alternatively, 
leak detection may also be carried out by identifying changes in the acoustic signal 
within a distribution system. Noise loggers are acoustic devices which are placed on 
fittings to listen for leaks (Kane and Hobbis, 2000). A number of loggers are 
deployed in an area and one or more loggers may highlight leak noise requiring 
further investigation (Kane and Hobbis, 2000).
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Following step flow testing or noise logging, individual leaks are then located more 
accurately prior to excavation for repair, mainly using acoustic techniques (Laske, 
1989; WRc, 1994f; Monro, 1996). Leaks have been located by sound since the 
nineteenth century using the listening stick (Deacon, 1882), which is still in use 
today (Pepper, 1989; WRc, 1994f; Monro, 1996). The listening stick and other 
acoustic instruments are placed on valves, hydrants and other fittings to listen for the 
noise made by leaking water (UKWIR, 1999). The process relies strongly on the 
experience and skill of the operator. The leak noise correlator is a more sophisticated 
listening instrument that has been in use in the UK since the early 1980s (Bell, 1981; 
Monro, 1996). Sensors are placed on the exterior of water fittings at two different 
locations on the same pipe. The sound monitored by both sensors is then correlated 
by computer to give the location of any leak between the two sensors (Pepper, 1989; 
Fuchs and Riehle, 1991; WRc, 1994f; UKWIR, 1999). The position of leaks may be 
pinpointed to within a radius of approximately 0.5 m using noise correlation 
equipment (Laske, 1989; Drinkwater, 1998).
Ground microphones are used in combination with correlators to detect leaks more 
effectively, by monitoring the spatial variation of the amplitude of the leak noise 
(WRc, 1994f). Overseas, a method of leak detection by sounding with compressed 
air has been used (Kristensson and Bergstedt, 1989), as has leak noise correlation 
with water borne in-pipe sensors (Laske and Weimer, 1989; Gotoh and Takahashi, 
1989). For leaks that are particularly difficult to detect with acoustic techniques, 
injection and tracing of gas, such as sulphur hexafluoride or industrial hydrogen, may 
be used (UKWIR, 1999). It has been suggested that thermal imaging could be used 
to detect leaks by identifying the presence of water by its effect on ground surface 
temperature, particularly in rural areas (Monro, 1996; UKWIR, 1999). Although 
many of these alternative techniques have been used successfully to locate leaks, 
only acoustic techniques such as listening sticks and correlators are routinely used to 
locate distribution main leaks within the UK water industry, due to their efficiency 
and cost.
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Detection and location of leaks by the techniques described above is termed active 
leakage control. Passive leakage control relies on notification of the company by 
customers of visible leaks or unusually low pressure, although acoustic methods may 
still be required to pinpoint the failure. Once a leak has been located by either active 
or passive methods, a repair must be effected. Repair is defined as minor work to 
repair the structural integrity of a water main at a failure site (Evins et al., 1989; 
WRc, 1994g). Common practice is to excavate the material directly surrounding the 
pipe failure and repair the leak externally (WRc, 1994g). Methods of repair are 
described in Section 2.9.
When evaluating the economic level of leakage (ELL) for an area, the inclusion of 
repair costs in calculation of the cost of leakage control is in contention. It has been 
suggested that the long term rate of pipe failure repair remains unchanged whatever 
the level of active leakage control (DoE/NWC, 1980). All pipe failures are 
eventually assumed to become significant leaks which are identified by passive 
leakage control, and the process of ALC serves only to hasten the identification of 
such failures and reduce the volume of water leaked prior to repair. DoE/NWC 
(1980) suggests that each failure requires one repair, which may occur earlier under 
ALC than with previous network management systems, but results in the same 
cumulative number of repairs whatever the degree of leakage control activity. This 
concept is illustrated in Figure 2.4, where the repair rate is given by the gradient of 
the cumulative repair line. Initially, repairs occur at a constant rate that is 
proportional to the degree of leak location activity (Figure 2.4, A-B). Following a 
permanent increase in the level of leak location activity, a period of repair at higher 
than usual intensity may be required to clear the large backlog of failures detected 
(Figure 2.4, B-C). However, an equilibrium position will then be reached where the 
rate of repair returns to the original level (DoE/NWC, 1980)(Figure 2.4, C-D).
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Figure 2.4 Schematic representation of variation of repair rate with leak detection
activity.
WRc (1994c) reported that it had been observed that in practice the above theory 
does not hold true and that the cost of repair can become prohibitive to further 
leakage level reductions. It was suggested that the disturbance caused to the 
distribution system and possible increases in pressure resulting from the repair of 
existing failures may cause new bursts to occur (WRc, 1994b). A second 
explanation is that as leakage levels are reduced, each failure results in a smaller 
average volume of leaked water whilst the cost of repair remains fixed whatever the 
size of failure and loss of water (WRc, 1994b)(Figure 2.5). Therefore to achieve a 
specific volume reduction in leakage in a particular area, the number of repairs 
required is likely to be inversely proportional to the initial leakage level.
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Figure 2.5 Schematic of decreasing marginal cost of water saved compared to the
fixed marginal cost of each repair
2.2.2 Pipeline rehabilitation
As well as the location and repair of individual leaks, reduction of leakage in the 
distribution system may be facilitated by the improvement of strategic lengths of 
pipeline, known as rehabilitation. Rehabilitation refers to all methods of improving 
the performance of existing pipe networks which involve changing their condition or 
specification (Evins et a l , 1989). Techniques range from cleaning pipelines to the 
installation of a new pipeline within an existing one. Rehabilitation may be carried 
out for three reasons: water quality, hydraulic capacity and structural integrity (Evins 
et al., 1989; Slipper, 1994; MacKellar, 1999).
The quality of the water being carried by cast iron distribution mains may be reduced 
by discoloration and deposits resulting from corrosion of the iron pipe. This can be
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corrected by cleaning of the pipeline and then coating the inside with a thin lining of 
either epoxy resin (Evins and Warren, 1988; Evins et al., 1989; Thomas and 
Marshall, 1990; Warren and Crathome, 1990; Warren, 1999) or cement mortar 
(Evins and Warren, 1988; Evins et al., 1989; Thomas and Marshall, 1990) to increase 
the service life of the main. Where large corrosion deposits, known as tubercles, 
occur the hydraulic capacity of cast iron pipelines may be reduced. Tubercles are 
removed by aggressive cleaning techniques, such as high pressure water jetting and 
mechanical scraping (Evins et al., 1989; Deb et al., 1990). Epoxy or cement lining is 
then applied to inhibit further corrosion. Pipe lining for water quality and hydraulic 
reasons is classified as non-structural rehabilitation because the epoxy or cement 
mortar linings are not intended to provide an increase in pipeline strength (Evins et 
al., 1989; Deb et al., 1990).
Structural rehabilitation is an effective method of pipeline renovation to achieve 
reductions in leakage levels (Evins et al., 1989; Gumbel et al., 1995). Rehabilitation 
or replacement of pipelines may also be carried out to reduce the incidence of major 
bursts, which is distinct from rehabilitation to reduce leakage levels. Renovation due 
to burst frequency may be carried out to reduce the immediate consequences of large 
volumes of water loss, such as flooding, and thereby avoid compensation claims and 
improve public relations.
Structural rehabilitation involves different techniques to those used for water quality 
or hydraulic reasons. The pipeline is first cleaned to remove encrustation and return 
the pipe to its maximum bore. A structural lining technique is then employed. 
Interactive or semi-structural liners are those which depend on the transfer of stress 
between the liner and the host pipe (Gumbel et al., 1995). Such liners are either 
made of a flexible textile tube (Evins et al., 1989; Champion, 1990; Gumbel et a l, 
1995) or a thin-walled polyethylene pipe (Boot and Marshall, 1999; Weaver et al., 
1999), which are capable of bridging holes and cracks in the host pipe but not of 
functioning entirely alone as a pipe.
Independent or fully structural liners are capable of resisting the full operating 
pressure of the main when unsupported by the host pipe (Gumbel et al., 1995). The
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liner is usually made of flexible polyethylene and is compressed, with or without the 
application of heat, to reduce the diameter and allow insertion into the existing water 
main (Evins et a l, 1989; Champion, 1990; Deb et al., 1990; Gumbel et al., 1995; 
Muckle, 2000).
Pipe bursting is a method of pipe replacement where a new, polymeric pipeline is 
installed along the line of an existing main (Evins et al., 1989; Thomas and Marshall, 
1990; Anson, 2000; Clarke, 2000). A pneumatically or hydraulically powered 
impact mole is towed through the existing main. This fractures the old metal pipe 
and compresses the fragments into the surrounding soil. A new pipeline of the same 
or even larger diameter is then pulled into place behind the impact mole.
The various structural rehabilitation methods vary in ease of application, 
performance and cost (Evins et al., 1989; Gumbel et a l, 1995). Pipe bursting and 
structural rehabilitation make use of the existing asset to install a new pipe. Semi- 
structural rehabilitation is an interactive method that increases the strength of an 
existing main, whilst non-structural linings are used to improve the hydraulic and 
water quality aspects of the distribution system without imparting any additional 
strength.
2.2.3 Pressure control
The distribution system is required to be pressurised to provide an adequate flow of 
water to customers. Empirical studies have shown that the flow rate from leaks is 
proportional to pressure in the distribution system (Giles, 1974; DoE/NWC, 1980; 
WRc, 1994e; Hornby and Oakes, 1996). The most recent empirical study by the 
Water Research Centre (WRc)(Homby and Oakes, 1996) evaluated data collected 
from thirty-one sites in thirteen different water company. A universal pressure- 
leakage relationship was devised (Hornby and Oakes, 1996), which is a refinement of 
previous relationships proposed (see, for example, DoE/NWC, 1980). A schematic 
of the relationship between leakage and pressure is shown in Figure 2.6, where the 
leakage index is equal to the rate of change of leakage with pressure (d//J/?)(Homby 
and Oakes, 1996). Reductions in pressure within the distribution system result in a 
smaller volume of water loss from each failure. Internal water pressure also
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contributes to pipe failure (Andreou et al., 1987; Oliphant et al., 1997), particularly 
where the strength of a pipe is reduced by material degradation. Reductions in water 
pressure may therefore also prevent or postpone the incidence of pipe failure.
Better pressure control within the distribution network can be obtained by the use of 
variable speed pumps and/or pressure reducing valves (PRVs)(WRc, 1994e; Bocock, 
1997; UKWIR, 1999). PRVs are feedback and control devices which monitor the 
downstream flow or pressure in the pipeline and adjust orifice size accordingly, 
thereby maintaining the desired system characteristics. PRVs have been used 
effectively to reduce peak pressures and therefore decrease the volume of leakage 
(Pepper, 1989; WRc, 1994e).
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Figure 2.6 Schematic of decreasing leakage with reduction in pressure.
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The maximum pressure required within a distribution system depends on the 
topography and the types of buildings being supplied. In areas of varying 
topography, the pressure at the uppermost point of delivery needs to be sufficient to 
satisfy the general requirements of customers. Similarly, water companies are 
required to provide a water supply to the topmost floor of any high rise buildings 
(Water Industry Act, 1991). Both of these factors can result in high pressures in 
other areas of the same zone where pressure is only controlled by pumping stations 
serving large areas. Changes in the location of pumps or, more conveniently, 
additional PRVs can be used to divide the distribution system into smaller pressure 
zones and hence reduce pressure in those zones not including points of delivery at 
high elevations.
2.3 Pipeline diameter
Water pipelines range in size from less than 18 mm to over one metre in diameter. 
Trunk mains, the largest pipes, are used to convey water from treatment works to 
service reservoirs and supply areas. Within supply areas, distribution mains serving 
each street are usually between 75 mm and 150 mm in diameter. Service pipes of 50 
mm or less in diameter connect each domestic property to the distribution main.
Case studies of network failure analysis from the UK, the USA and Canada indicate 
that the rate of pipeline failure is related to pipe diameter. As pipe diameter decreases 
the pipe break rate increases i.e. pipe diameter is inversely proportional to the break 
rate, measured as failures per kilometre per year (Roberts and Regan, 1977; Newport, 
1981; Ciottoni, 1985; Kettler and Goulter, 1985). In particular, fractures occurring 
transversely around mains have been observed to be less prevalent in large diameter 
pipelines than in smaller distribution mains (Bacon, et a l, 1973; Newport, 1981; 
Clark and Goodrich, 1989). The relationship between transverse fractures and pipe 
diameter is explored more fully in Section 2.6.
In addition to a review of the literature concerning pipeline diameter, a database of pipe 
failure data from a major UK water company has also been analysed. A discussion of 
the Thames Water FRAXCOM database and data collection procedure can be found in
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Appendix A to promote an understanding of the possible limitations of the data used in 
subsequent sections. The FRAXCOM database has been used to analyse the 
distribution of failures with pipeline diameter, the results of which are shown in Figure 
2.7. Of the 41 649 pipe failures recorded on FRAXCOM, 10.7% have no size record 
and are not included in Figure 2.7. For the failures for which pipe diameter details are 
available, over half of the incidents (56.0%) occurred in pipes with a diameter of 90- 
100 mm. More broadly, 91.2% of failures with known pipe diameters occurred in the 
range 75-160 mm. This range of pipe sizes represents distribution mains. 
Unfortunately, the total length of each size of pipeline currently in usage is not known, 
either for Thames Water or for any other UK water company. A survey carried out in 
1977 by the National Water Council (DoE/NWC, 1977) concluded that 81.9% of UK 
water pipes were in the size range 50-150 mm and it is likely that the proportion is 
similar today. Therefore, the high proportion of failures attributed to pipes of this 
size is partly due to the greater length of pipeline of this diameter range within the 
distribution system. However, the slightly higher ratio of failures (91.2%) to the 
length of distribution mains in the network (81.9%) may indicate some differences in 
design, maintenance, loading and/or performance between trunk mains, distribution 
mains and service pipes. This is in agreement with the higher than average pipe 
break rates recorded for distribution mains by other water utilities (Bacon et al., 1973; 
Newport, 1981; Ciottoni, 1985; Kettler and Goulter, 1985).
From Figure 2.7 it can be seen that the number of failures occurring on medium-large 
pipes (160 mm -300 mm in diameter) is relatively low at 6.62% of total bursts in pipes 
of known diameter. Medium-large pipes represent large distribution mains and small 
trunk mains. The total length of each size of pipe within the distribution system is not 
known, so it is not possible to determine the failure rate for each pipe size. For 
medium-large pipes it is likely that they represent a small proportion of the distribution 
system as they do not include usual distribution or trunk main sizes.
The proportion of total failures occurring on trunk mains (>300 mm in diameter) is 
negligible at 1.27%, although the effects of the bursts may be substantial (Cooper et al., 
1999). The method of repair for failed trunk mains is frequently insertion of a new
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section of pipe. This differs from the usual methods of repair of distribution mains, 
which are described in Section 2.9.
Most pipes with diameters of less than 75 mm are likely to be service pipes serving 
individual properties. Failures in pipes with diameters of less than 75 mm represent 
less than 1% of the total number of failures recorded in the Thames Water 
FRAXCOM database. Upon investigation, it has been found likely that service pipe 
repair historical records are probably incomplete within the Thames Water 
FRAXCOM database.
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Figure 2.7 Water main structural failures by pipe diameter, from TWUL
FRAXCOM 1990-1998
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2.4 Pipe material
Water distribution pipes have usually been constructed from a range of metallic, 
ceramic and, more recently, polymeric materials (De Rosa and McBride, 1993). 
From the Roman period in Britain, water pipes were made from lead, earthenware or 
wood (Stowe, 1603; Harrison, 1961). The development and use of wooden pipes 
included the granting of a patent to Robert Crumpe in 1618 for such products (patent 
reference 9). Cast iron pipe was first manufactured in the middle of the seventeenth 
century. Use of cast iron gradually took over from wood and lead as a pipe material 
because engineers realised that the higher initial cost of cast iron was offset by the 
greater durability over the other pipe materials (Stanton Ironworks Company Ltd. 
1936).
The first cast iron pipes were cast horizontally in sand moulds, with a core held in 
place in the centre of the mould. In 1846 a system for vertically casting pipes was 
patented by D.Y. Stewart of the Links Foundry, Montrose (patent reference 11296), 
and subsequently most pipes were then cast using the vertical technique. Use of sand 
moulds (horizontal or vertical) continued, until the development of centrifugal 
casting by de Lavaud in 1914 (Stanton Ironworks Company Ltd., 1936). The iron 
produced by centrifugal casting was different from that obtained from sand (or pit) 
casting. It was close-grained, non-porous and of greater tensile strength (Ministry of 
Health, 1950; Gibbs Smith, 1954). The pipe wall thickness of centrifugally cast pipe 
could be made more uniform than previous types of cast pipe. Less material was 
required because of the improved properties of the material and the greater 
uniformity in casting, so the pipes were cheaper in terms of material costs. The 
centrifugal casting method was introduced commercially in Britain in 1922 (Stanton 
Ironworks Company Ltd., 1936), although some pipes were still produced by vertical 
casting for several more decades (Ministry of Health, 1950). Material produced by 
centrifugal casting is known specifically as spun iron. All types of pit cast and 
centrifugally cast iron are known as grey iron.
Ductile iron pipe was first used in the UK in 1961 (Andrews, 1969; Stokes, 1983) 
and gradually replaced the use of grey iron. Ductile iron replaced grey iron as a pipe
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material because of its greater ductility, high tensile and beam strengths, and 
resistance to impact damage (Andrews, 1969; Hoyle, 1969). The level of ductility 
achieved is due to the treatment prior to casting which causes the carbon in the iron 
to precipitate in the form of graphite nodules rather than as flake graphite (Haller, 
1952; Stokes, 1983; UKWIR 1994). Ductile iron pipes have been found to fail more 
quickly from external corrosion than cast iron pipes, but this is due to their decreased 
wall thickness rather than any inherent material propensity to corrosion (Gummow, 
1984; De Rosa and Parkinson, 1986).
Steel pipes have been used as an alternative to iron pipes since 1825 (British Steel 
Pipes, 1973). The higher cost of steel is offset by the strength of the material in 
situations where pressures are high or where ground movement or vibration is likely 
(Klein, 1959). However, steel pipes often need external and sometimes internal 
corrosion protection due to the thin pipe walls used to reduce costs and the 
consequent danger of quick failure from corrosion penetration (DoE/NWC 1977; 
Trew et al., 1995). Corrosion of steel pipes has proven to be a particular problem in 
other countries with high proportions of steel pipes, for example, Italy (Merlo, 1989). 
In the UK, steel pipes are generally only used for trunk mains (Hoyle, 1969; Trew et 
a l, 1995).
Aluminium may be used as a pipe material. It has the advantage of being resistant to 
corrosion in most environments, and is light weight for transportation and handling 
(Anon, 1962). However, the cost of aluminium is prohibitive for use and it is not 
considered a standard pipe material today (see, for example, Trew et al., 1995).
Asbestos cement pipes were first manufactured in the UK in the late 1920s (Butlin 
and Vernon, 1949; Klein, 1959; Taunton, 1983) and their large scale use dates from 
after the second world war (Whitteron, 1947; Klein, 1959). The main advantage of 
asbestos cement over other pipe materials at this time was its resistance to corrosion, 
although its strength in bending is poor (Klein, 1959; Taunton, 1983; Trew et al., 
1995). Asbestos cement pipes have also been found to suffer degradation from 
waters high in acidity, sulphate or free carbon dioxide (Stokes, 1983; Taunton, 1983). 
In 1983 it was estimated that asbestos cement pipes accounted for 15 to 20% of the
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water distribution mains in the UK (Taunton, 1983). Manufacture of asbestos 
cement pipe in the UK ceased in 1986 (Trew et al., 1995) but lengths of previously 
installed pipe may still require repair in future.
Plastic was identified as a potential pipe material soon after the Second World War 
when a shortage of metals provoked the investigation of its use (Whitteron, 1947; 
Socha, 1953; Batchelar, 1960). Polyethylene and polyvinyl chloride are the two 
types of polymer that have most successfully been used for pressure pipe 
applications. Glass reinforced plastic (GRP) is also used as a pipeline material. It is 
resistant to corrosion and light weight in nature, but is brittle and easy damaged 
(Greatorex, 1987; Trew et al., 1995). GRP is considered a specialist material for use 
in large diameter pipelines when ductile iron is unsuitable and when construction of 
such a large pipe in other plastic materials is not possible.
Polyethylene (PE) was first produced before the Second World War (Anon., 1961). 
It initially proved unsuitable for use in water supply systems due to the low bursting 
strength of low density PE and the brittleness of high density PE (Socha, 1953). 
However, an improved low density material was developed in Germany in the 1950s 
(Anon., 1961) and the first British Standard for polyethylene pipe was published in 
1953 (BS 1972:1953). By 1958, approximately 2,073,000 metres (6,801,000 feet) of 
low density polyethylene pipe of up to 2” (approximately 50 mm) nominal diameter 
had been laid (Gill, 1959). The use of polyethylene primarily for service pipes 
continued into the 1980s (Johnson, 1982; Stokes, 1983). Larger diameter 
polyethylene pipes were not used at this time due to their high cost (Anon., 1960). 
More recently, medium density polyethylene (MDPE) pipe was developed for the gas 
industry and has since been transferred to distribution main applications in the water 
industry (Speed, 1982; Allwood et al., 1982; Denning, 1983; Hoffman, 1987; Street, 
1987). Polyethylene is valued for its corrosion resistance, toughness, resistance to 
impact damage, lightweight nature and flexibility in long lengths (Gill, 1959; 
Batchelar, 1960; Speed, 1982; Allwood et al., 1982; Denning, 1983; Street, 1987; 
Trew et al., 1995).
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Unplasticized polyvinyl chloride (uPVC) pipes were first manufactured in the UK in 
1957 and were used for pipelines up to 300mm (12”) in diameter (Anon., 1959a, b; 
Davies, 1959; Wavin Pipes Ltd., 1960; Pawson, 1967; Stephens and Gill 1982). The 
perceived advantages of uPVC over traditional pipe materials were its ease of 
installation, flexibility, lightweight nature, corrosion resistance and low cost (Davies, 
1959; Wavin Pipes Ltd., 1960; Pawson, 1967; Hoyle, 1969; Johnson, 1982; Walton, 
1982; Stokes, 1983). In the 1980s, uPVC was a popular pipe material (Johnson, 
1982; Walton, 1982; Hoffman, 1987) but it is prone to brittle fracture and crack 
propagation under impact, point loading and cyclic pressure (fatigue) conditions 
(Johnson 1982; Walton, 1982; Stokes, 1983; Trew et al., 1995; Bocock, 1997; 
Greenshields et al, 1997). Polyethylene (PE) pipe does not suffer from brittle 
fracture (Greenshields et al 1997) and has therefore become more popular in the 
water industry than uPVC.
Plastic pipes now dominate the market for new or replacement distribution mains 
(Lowdon and Tilley, 1999). The unreliability of early PVC mains may have resulted 
in some reduction in their use, but improved versions of PVC, for example molecular 
orientated PVC (MoPVC) and modified PVC (mPVC), have recently been 
introduced and are gaining wide acceptance (Harry, 1999; Lowdon and Tilley, 1999). 
Development of MoPVC and mPVC jointing systems to allow trenchless installation 
techniques as used for MDPE (Denning, 1983; De Rosa and McBride, 1993) would 
reduce costs and perhaps increase the amount of PVC being used (Lowdon and 
Tilley, 1999).
Ductile iron pipe is used in place of plastic for high stress applications (De Rosa and 
McBride, 1993; Trew et al., 1995). Ductile iron is also considered more appropriate 
for pipelines through contaminated land as polyethylene and PVC pipes are 
permeable to organic solvents such as petrol (De Rosa and McBride, 1993; Trew et 
a l, 1995).
Although plastic and ductile iron are the materials primarily used today for new 
pipelines, repairs may be carried out to pipelines made of other materials used in the 
past, as discussed above. The FRAXCOM database has been used to identify the
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pipe materials most commonly encountered when repairing failures in the Thames 
Water area.
Data for pipes in the range 75-160 mm in diameter have been analysed to identify the 
most common material of failed distribution mains (Figure 2.8). As cast iron is hard 
to differentiate on sight from spun iron and ductile iron, a value for total iron has also 
been used to compensate for any errors that may have been made by site operatives 
in identifying and recording the correct type of iron. Of the 33 940 pipe failures in 
this size range, 80.0% occurred in iron pipes, the majority of which were identified as 
cast iron. A further 14.6% of failures have an unknown material type. This may 
have been iron of some kind in many cases, given the difficulty in differentiating 
between types of iron. The database coding only allows for a specific type of iron to 
be recorded, so non-specific metal pipes may have been recorded as ‘not known’. 
Only 5.4% of failures in the pipe diameter range 75-160mm are definitely in a pipe 
material other than iron.
The high proportion of failures occurring in iron pipes in the Thames Water area may 
be partially due to the significant percentage of iron pipes within the distribution 
network. Although most of the new distribution pipes being laid are plastic, the long 
heritage of grey iron use has resulted in a distribution system that is still dominated 
by iron pipes. Older pipes, which will have a greater tendency to fail as they reach 
the end of their life, are primarily represented by grey iron. The data from Thames 
Water concurs with that from another UK water company which found that grey iron 
had a higher failure rate per unit length than newer pipe materials (Lowdon and 
Tilley, 1999).
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Figure 2.8 Distribution main failures by pipe material type, from TWUL
FRAXCOM 1990-1998
2.5 Pipeline failure types
Water distribution pipelines fail structurally in a number of ways. Failures may 
occur in the pipe barrel or at a joint or fitting. Pipe barrel failures are classified as 
circumferential fractures, longitudinal cracks or holes (Figure 2.9). Circumferential, 
or transverse, fractures are located around the circumference of the pipe barrel. 
Longitudinal fractures are located horizontally along the plane of the pipeline. 
Combinations of circumferential and longitudinal cracking may also occur. The 
third type of pipe barrel failure, holes, refers to any loss of material from the pipe 
wall.
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(a) Circumferential fracture (b) Longitudinal fracture
(c) Hole
Figure 2.9 Pipe barrel failures
Figure 2.10 Pipe socket failure and extending longitudinal crack
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Failures at joints, ferrules and fittings may be in the pipe/fitting material, or in the 
seal. In the case of failure of the fitting material, the socket of the joint or fitting may 
split. This can result in an extended longitudinal crack along the pipe barrel for 
socket and spigot type pipe joints (Figure 2.10). For joint seals, degradation of the 
sealant material is likely to result in leakage from the pipeline. Historically, the 
method of permanent jointing for water pipelines gradually changed from lead-run 
joints to rubber seals, with lead and rubber both being in common usage in the period 
after the Second World War (Whitteron, 1947; Ministry of Health, 1950; Lead Wool 
Company Ltd., 1951; Stanton Ironworks Company 1951a; b; Anon, 1952). Lead 
seals are comparatively rigid when considered alongside current sealing materials. 
They are prone to leakage when pipelines move due to vibration and settlement, 
when materials or initial workmanship are faulty, or when there is excessive internal 
pressure, including surges (Ministry of Health, 1950; Weickert, 1952).
Rubber seals allow more flexibility in the joint than lead seals (Ministry of Health, 
1950; White, 1951; Brister and Papworth, 1982) but may degrade with age and 
microbiological activity, thereby resulting in leakage (White, 1951; Leeflang, 1963; 
Hutchinson et a l , 1975; Hutchinson and Ridgway, 1977; Brister and Papworth, 
1982; Kirby and Ridgway, 1982). Today, instead of natural rubber synthetic 
polymers, which are less prone to deterioration, are used to seal ductile iron and 
uPVC pipe joints (White, 1951; Brister and Papworth, 1982; Kirby and Ridgway, 
1982; UKWIR, 1995). Similar sealant materials are used in other pipeline fittings, 
such as valves. Polyethylene pipes are usually jointed by melting the ends of the two 
pipes together through techniques such as butt fusion and electrofusion welding 
(Trew et al., 1995). Welded polymer joints may fail if not made with sufficient care 
(Trew et al., 1995).
The FRAXCOM database was used to analyse the types of failure most frequently 
occurring in the Thames Water region. Figure 2.11 shows the frequency of iron 
distribution main failure types. It can be seen that failures in the pipe barrel, in 
particular circumferential fractures, are the most common failures identified. 
Circumferential fractures are also the most common failure type reported by a 
number of other sources in the UK, for example Severn Trent Water (Newport,
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1981), the USA (Clark and Goodrich, 1989) and Canada (Goulter and Kazemi, 
1989). The number of joint and ferrule failures requiring repair recorded in the 
FRAXCOM database is low (Figure 2.11). There are instances in the literature of 
high levels of joint failure but these are usually associated with a particular type of 
sealing technique, for example corrosion of bolts on universal and bolted couplings 
in corrosive soil (Kettler and Goulter, 1985; Goulter and Kazemi, 1989), or the 
rigidity of sulphur compound joints (Niemeyer, 1960). Joint and ferrule failures will 
not be considered further in this review due to the paucity of occurrence in the data. 
The causes of circumferential, longitudinal and hole failures in the pipe barrel are 
considered in more detail in the following sections.
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2.6 Circumferential fracture
Transverse fractures occur in the pipe barrel and may be fully or partially 
circumferential. Fully circumferential fractures split the pipeline in half and allow 
differential movement of the two halves where ground displacement permits. Partial 
circumferential fractures are located approximately transversely around the pipe 
barrel but the crack ends do not join to separate the pipe. Circumferential fractures 
have been found to account for up to 76% of failures in distribution mains (Bacon et 
a l, 1973; Clark and Goodrich, 1989). Based on analysis of the TWUL FRAXCOM 
database, it was found that for Thames Water circumferential fractures represent 65% 
of all known iron distribution main failures (Figure 2.11). Most of these failures 
occur in cast or spun iron, although ductile iron has also been included in Figure 2.11 
because site assessment of specific iron pipe materials is not reliable.
Full circumferential fractures may allow displacement of the two pipe sections. 
Unfortunately, no hard data was found either in the public domain or within Thames 
Water for the typical crack width. Work done during the winter of 1996/97 within 
Thames Water resulted in many photographs of circumferential failures. These have 
been examined by the author and an approximate crack width of 2-3 mm is proposed 
as typical.
Circumferential fractures have been observed to be less prevalent in large diameter 
pipelines than in smaller distribution mains (Bacon, et al., 1973; Newport, 1981; 
Clark and Goodrich, 1989). This has been shown theoretically to be due to the 
relative dimensions in standard sized pipelines, namely diameter and wall thickness, 
and the distribution of stress from a given load across the resultant cross-sectional 
areas (Bacon, et a l, 1973; Rajani et a l, 1996). Circumferential fractures may be 
caused by several different loading mechanisms, namely bending, shear and 
longitudinal stress (Smith, 1988). These are dealt with in turn below.
2.6.1 Pipelin e ben ding
Stress is induced in a pipeline when the variation of loads and support along a length 
of main cause the structure to experience bending (Figure 2.12). This may occur as
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sagging or hogging in the vertical plane or may be in the horizontal plane. Bending 
stress is resolved as longitudinal compression on one side of the pipe, and 
longitudinal tension on the opposite side (Figure 2.12). The bending stress 
distribution is shown in Figure 2.13, with the maximum stress occurring at the top 
and bottom of the section.
compressive stress
C bendingmoment
tensile stress
Figure 2.12 Pipeline bending stress
bending moment shear stress
neutral
axis
Figure 2.13 Bending and shear stress distribution for a pipeline under bending
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The typical failure strength in bending for 150 mm (6”) diameter pit cast iron pipe 
ranges from 181 MN/m2 to 294 MN/m2 (26,300 psi to 42,700 psi)(Talbot, 1926). For 
exhumed 100 mm (4”) diameter pipe bending stress varies from 42 MN/m2 to 195 
MN/m2 for pit cast iron (Atkinson et al., 2001), and higher values have been obtained 
for spun iron (Pocock et al., 1980). For exhumed 75 mm (3”) diameter grey cast iron 
pipe bending stress varies from 15 MN/m2 to 221 MN/m2 (Kirby, 1979; Atkinson et 
al., 2001). Maximum strength in bending is dependant on the amount of defects and 
corrosion in the section of pipe tested (Kirby, 1979; Yamamoto et al., 1983; 
Atkinson et al., 2001). The observed increase in maximum pipe strength with greater 
diameter is in agreement with the theoretical and field data for iron pipe as discussed 
above.
The bending stress induced in a structure is a function of its support conditions. For 
a pipe, support in most cases is provided by a continuous bed of subgrade. The 
analysis of stresses induced in a pipeline supported by a continuous bed of subgrade 
cannot be solved by simple statics because of the complexity of the soil-pipe 
interaction. The theory of beams on elastic foundations (Biot, 1937; Hetenyi, 1946; 
1950) is commonly used for analysing the effects of displacements and loads on 
structures supported by soil, such as piles (Poulos, 1971; Rajani and Morgenstem, 
1993; Duncan et al., 1994; Briaud, 1997; Hsiung and Chen, 1997), tanks (Cheung 
and Zienkiewicz, 1965), concrete slabs (Cheung and Zienkiewicz, 1965; Vallabhan et 
al., 1991), railway tracks (Al Nageim et al., 1999) and pipelines (Crofts et al., 1977; 
Carder et al., 1981; Rajani and Morgenstem, 1993). In its simplest form, the theory 
is applied to a Winkler foundation i.e. one in which the soil medium is assumed to 
act as a series of discrete springs (Figure 2.14). The intensity of the foundation 
reaction is considered proportional to the displacement of the beam at that point.
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Figure 2.14 Discrete (Winkler) foundation
However, the Winkler model takes no account of the shear interaction between 
elements of the foundation. Consideration of the subgrade as a continuum is an 
alternative application of the theory of beams on elastic foundations which is 
theoretically more realistic (Biot, 1937; Hetenyi, 1946; Vlasov and Leont’ev, 1966; 
Fletcher and Hermann, 1971; Selvadurai, 1979; Mourelatos and Parsons, 1987; Liao, 
1995). However, the complexity of the analytical analysis of continuous foundation 
models results in the use of tools such as the finite element method to calculate the 
stresses induced by given loads or displacements (Cheung and Zienkiewicz, 1965; 
Mourelatos and Parsons, 1987; Vallabhan et al., 1991; Liao, 1995).
It has been shown by Biot (1937), Vesic (1961.) and Poulos (1971) that the Winkler 
hypothesis provides a reasonable estimation of the bending moments induced in a 
loaded infinite or long beam resting on an elastic-isotropic subgrade. The bending 
moments induced were found to be slightly overestimated e.g. up to 12%, when 
comparing the results of analyses using the Winkler approach with soil elastic 
continuum models (Vesic, 1961; Poulos, 1971). In addition, the need to estimate one 
of the variables used in the calculation, the coefficient of subgrade reaction, k, results 
in a degree of uncertainty which is more significant than the choice of discrete or 
continuous model (Biot, 1937; Bowles, 1982).
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For any analysis of loaded buried pipelines, the bending moments induced are 
dependent on the ratio of the soil stiffness to the pipe longitudinal rigidity (Biot, 
1937; Hetenyi, 1946; 1950; Bums and Richard, 1964; Liao, 1995). The main 
variable used in all the equations derived by Hetenyi (1946) to describe beams on 
discrete elastic foundations is X, the characteristic of the system. The function X 
includes the longitudinal flexural rigidity of the beam and the elasticity of the 
supporting foundation, and is given by:
In addition to the properties of the soil and the pipe section, as described in Equation 
2.1, the maximum bending moment in a pipeline is dependent on the conditions of 
end fixity, the length of pipeline under consideration, and the magnitude and type of 
applied load (Hetenyi 1946; Smith, 1988). These are discussed in turn below.
2.6.1.1 Soil properties
The type of bedding material underneath a buried pipeline is one of the factors 
determining the bending moments induced within the pipe. The bedding material 
may be either the natural soil, made ground, or new imported fill. The most common 
soil encountered in the London area is clay, although sand and chalk may also be 
found. Made ground consisting of mixed soil material and mbble has frequently 
been used in the past to bed pipes and backfill excavations. The use of made ground 
complicates analysis as the material is non-homogeneous. Typically, pipelines are 
currently bedded on crushed aggregate or sand (IGN 4-08-01:1994), but this has not 
always been the case (Ministry of Health, 1950). Exhumed pipelines in the Thames 
Water network are often found buried directly in clay or made ground.
(2 .1)
where X = characteristic of the system
k = coefficient of subgrade reaction 
Ep = beam modulus of elasticity 
/= beam  rigidity
b = width of beam, i.e. pipe diameter
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Other factors can affect the support given to a pipeline by a particular soil, such as 
the degree of compaction (Spangler, 1977; Pocock et al., 1980), consolidation 
(Schrock, 1993), moisture content (Clark, 1971) and ground temperature (Rajani et 
al., 1996). Compaction of the material underneath the pipe should remain constant 
following installation, unless the pipeline is excavated again. The moisture content, 
which in turn can affect consolidation (Schrock, 1993), and the temperature of the 
bedding material will vary constantly throughout the life of the pipeline. The effect 
of changes in moisture content and ground temperature may be considered as 
temporary loads on a pipeline rather than supportive bedding and as such are 
considered under Section 2.6.1.4 below.
The coefficient of subgrade reaction, k  (Equation 2.2), used by Hetenyi (1946) in the 
theory of beams on elastic foundations, is a theoretical value which provides a 
measure of the soil stiffness. The coefficient of subgrade reaction is the ratio 
between the unit subgrade reaction and the corresponding settlement when a load is 
applied to the soil (Terzaghi, 1943):
k = -  (2.2)
y
where p  = the intensity of the soil reaction, measured as the 
increase in contact
pressure due to displacement y  
andy = soil displacement
Theoretical analyses have shown that for a given soil, there is no unique value for the 
coefficient of subgrade reaction, k (Vesic, 1961; Vallabhan et al., 1991; Liao, 1995). 
The coefficient of subgrade reaction, k, has been found to vary with beam stiffness 
and dimensional properties (Terzaghi, 1955; Vesic, 1961; Liao, 1995), depth of 
subgrade (Vallabhan et a l, 1991; Liao, 1995), magnitude and distribution of the 
applied load (Vallabhan et a l, 1991; Liao, 1995) and distance along the beam (Liao, 
1995). Therefore all values for k should be determined using parameters specific to 
the case in question and should be treated as estimates.
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Attempts have been made both to measure and calculate values for the coefficient of 
subgrade reaction, k. The coefficient of subgrade reaction may be determined 
empirically by plate load tests (Terzaghi, 1955; Vesic, 1961; Selvadurai, 1979; 
Bowles, 1982). However, a plot of p  against y  usually gives a curve rather than a 
straight line. The value of k then depends on whether the secant or tangent modulus 
is taken, and on the load level. Bowles (1982) suggests that the curved graph be split 
into two portions so that a linear part and nonlinear part can be approximated to gain 
estimates for k (Figure 2.15).
Alternatively, an approximate value for the coefficient of subgrade reaction, k, may 
be determined theoretically if the elastic modulus, Es, and Poisson’s ratio, vs, of the 
soil are known (Vesic, 1961). More recently, design charts have been produced by 
Liao (1995) which also take into account the geometry of the beam, the distance 
along the beam and the depth of the subgrade to provide more accurate values for k  in 
a given situation.
In summary, the support provided to a pipe by the surrounding subgrade can be taken 
into account by the application of the theory of beams on elastic foundations. The 
discrete (Winkler) approach gives a good, swift approximation of the bending 
moments induced provided that estimation of the coefficient of subgrade reaction, k, 
is sufficiently rigorous (Biot, 1937; Vesic, 1961)
P
nonlinearlinear
X, ymax
Figure 2.15 Determination of the coefficient of subgrade reaction, k (Bowles, 1982)
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2.6.1.2 Pipe section properties
The bending moments induced in a pipeline are partially dependent on the flexibility 
of the structure itself. In the theory of beams on elastic foundations (Hetenyi, 1946), 
the rigidity of a length of pipe is given by the product of the elastic modulus and the 
cross-section dimensional properties. The elastic modulus, E, for iron depends on 
the grade of material under consideration (Angus, 1976). The cross-sectional 
properties vary with the vintage of iron pipe. In particular, the advent of centrifugal 
casting (Section 2.4) resulted in a stronger material with a more uniform wall 
thickness than pit cast pipe so the average wall thickness for a given diameter pipe 
could be reduced (Gibbs Smith, 1954). The cross-section dimensional properties of 
a pipe are represented by the second moment of area, /, where:
n ( D4 - d 4)
<2-3>
where D = external pipe diameter 
and d = internal pipe diameter
2.6.1.3 Conditions o f end fixity and length ofpipe
The support conditions must be determined in order to calculate the magnitude of the 
bending moments induced along a length of pipeline. In addition to the soil support, 
conditions of end fixity must also be considered. These include T-junctions, where a 
pipeline is jointed to another main, and thrust blocks, which are concrete masses 
located on the outside of pipeline bends to resist the outward force induced by the 
pressurised water being carried. Pipeline joints and other fittings of greater lateral 
dimension than the pipe barrel cross-section could also be considered as points of 
fixity if they restrain movement by their protrusion into the surrounding subgrade. 
The magnitude of the maximum bending moment induced by a given load increases 
with the length of pipeline between the points of fixity. Therefore, consideration of 
the maximum distance between supports will be used in this thesis to give 
approximations of bending moments where appropriate. This would usually be the 
distance between junctions or thrust blocks rather than the more frequent section 
joints.
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When applying the theory of beams on elastic foundations, the length of the pipe 
under consideration determines the appropriate method of analysis. Beams may be 
considered short, medium or long (Hetenyi, 1946; Vesic, 1961; Briaud, 1997). The 
classification of the beam is determined by its stiffness and length (Hetenyi, 1946; 
Vesic, 1961), where:
i) short beams: XI < 0.60-0.80
ii) medium beams: 0.60-0.80 <Xl < 5.00
iii) long beams: XI > 5.00
Short beams may be considered to be completely rigid and can be analysed by simple 
statics without the need for consideration of the support given by the foundation 
(Hetenyi, 1946). However, Vesic (1961) suggests that bending moments calculated 
by this method should be considered as rough estimates and recommends that other 
techniques, such as those used by De Beer (1948a; 1948b) and Ohde (1942), should 
be used to arrive at more accurate solutions. Beams of medium length can be 
analysed by application of the theory of finite beams on elastic foundations (Hetenyi, 
1946). For long beams, forces applied at one end have a negligible effect on the 
other due to the distance between the two supports. These may be analysed as 
infinite beams (Hetenyi, 1946; Vesic, 1961), which simplifies the calculation. The 
above classification of short, medium and long beams will be used in this thesis to 
select the most appropriate method of analysis.
2.6.1.4 Magnitude and type o f applied load
The total magnitude of the applied load directly affects the bending moment induced 
in a buried pipeline. In addition, the type of load may also vary the magnitude of the 
bending moments. Applied loads may be distinguished as point or uniformly 
distributed and static or dynamic. The causes of these types of load include the 
weight of the backfill above the pipe, traffic, climatic effects and other nearby 
excavations. These are discussed in turn below.
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i) Soil load
The weight of the soil directly above the buried pipeline is transferred to the pipe in 
the form of a uniformly distributed load. The magnitude of the soil load is 
proportional to the depth of fill and the type of subgrade, including the resulting 
density after compaction. This load can be considered permanent (also termed 
residual) as it remains on the pipeline throughout its working life until subsequent 
excavation (Pocock et al., 1980). The effect of additional loading, for example 
traffic, should be added to this initial soil load.
The load experienced by the pipeline may also be influenced by the effect of soil 
arching (Marston, 1930; Spangler, 1947; 1964; Kennedy, 1971; Rude, 1983; 
Gumbel, 1983). The theory of soil arching is based on the relative flexibility of the 
pipe cross-section and the surrounding soil (Spangler, 1964; Kennedy, 1971). When 
a pipe is more rigid than the surrounding soil, as is the case for cast iron, the 
subgrade to either side of the pipe compacts whilst the pipe itself remains 
undeformed. Shear develops along theoretical vertical planes at either side of the 
pipe cross-section, thereby transferring additional load onto the column of soil 
directly above the pipe (Figure 2.16a). This is known as negative arching (Kennedy, 
1971), or the projection condition (Marston, 1930; Spangler, 1947; 1964).
When a pipe has greater flexibility than the surrounding soil, the pipe cross-section 
may deform under loading and be restrained laterally by the soil (Spangler, 
1977)(Figure 2.16b). The column of soil directly above the pipe is displaced 
vertically to a greater degree than the soil either side. This results in shear stress 
along the vertical planes which, in this case, transfers some of the load away from the 
pipe into the surrounding soil. This is positive arching, also known as the ditch 
condition (Marston, 1930; Spangler, 1947; 1964). Where the pipe has the same 
stiffness as the surrounding soil no arching occurs and the load on the pipe is equal to 
the weight of the column of soil directly above (Spangler, 1947).
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shear
plane
critical
plane
shear
plane
(a) Negative soil arching (b) Positive soil arching
Figure 2.16 Soil arching above a buried pipe
The stress on a pipeline induced by loading applied at the ground surface may also be 
reduced by the horizontal load-spreading properties of the soil. Boussinesq theory 
allows the distribution of a load applied to a given soil to be calculated (see, for 
example, Terzaghi, 1943; Stephenson, 1981; Bowles, 1982; Craig, 1992). Multi­
layer theory takes account of the relative load spreading properties of the various 
foundation layers of a road (Thrower, 1968). For a single applied load, spreading of 
the load through the soil will reduce the maximum stress in the pipeline. However, 
where there are a number of loads in close proximity load spreading may result in 
multiple stresses at certain points along the pipeline and these should be considered 
to identify the magnitude and location of maximum stress (Stephenson, 1981).
ii) Traffic load
The load from traffic passing above a buried pipeline is transferred through the soil 
to the pipe. Both static and dynamic loads may be experienced (Spangler et al., 
1926; Needham and Howe, 1984; Pocock et al., 1980; Taylor et al., 1984). The 
static load from a vehicle is determined by the load on each axle, the tyre pressure 
and the tyre wall load (Needham and Howe, 1984; Pocock et al., 1980). The load 
acts over the contact area between the tyre and the road surface, but for the purposes
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of approximate calculations static traffic may be considered as point rather than 
uniformly distributed loading. The load spreading properties of the road subgrade 
should be considered when evaluating the stress distribution of traffic loading at the 
level of a buried pipe. Pocock et al. (1980) found that for a pipeline buried under 
asphalt, crushed rock and clay, multi-layer theory provided a good estimate of the 
soil stresses measured around the pipe, whilst Boussinesq theory did not model the 
stresses as well. Carder et al. (1981) also found Boussinesq theory to be less accurate 
then multi-layer theory but suggest that the difficulty in assessing the additional soil 
parameters required for multi-layer analysis is such that Boussinesq theory is 
preferred for most applications. Pipes buried under poor road surfaces, such as farm 
tracks, unadopted roads and footways upon which vehicles park, are particularly 
prone to failure from traffic loading (Roberts and Regan, 1974; Oliphant et al., 
1997). This is because of the poor load-spreading properties of a weak road surface 
and the resultant high proportion of an applied load directed vertically down to any 
buried pipe.
Dynamic traffic loading is a function of the movement of vehicles passing over a 
buried pipeline, particularly during braking and acceleration (Needham and Howe, 
1984; Taylor et al., 1984). Pipes buried at junctions and under traffic calming 
measures are subject to increased load from acceleration/deceleration effects and 
have been found to be particularly prone to failure (Roberts and Regan, 1974; 
Oliphant et al., 1997). The dynamic properties of the vehicle i.e. the suspension 
system, contribute to the degree of dynamic load transferred to the pipe for a given 
vehicle weight (Leonard et al., 1974). Impact loading due to defects in the road 
surface has also been found to increase the stress levels and number of main breaks 
in buried pipelines (Spangler et al., 1926; Arnold, 1960; Needham and Howe, 1984; 
Pocock et a l, 1980; Taylor et al., 1984).
iii) Loads due to climatic variations
It has frequently been observed that high incidences of circumferential fractures 
occur during periods of cold winter weather (Bacon et al., 1973; Roberts and Regan, 
1974; Newport, 1981; Walski and Pelliccia, 1982; Edil and Bahmanyar, 1983; 
Needham and Howe, 1984; Ciottoni, 1985;) or long dry periods (Newport, 1981;
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Needham and Howe, 1984). The specific climatic effects that influence the load on 
buried pipes have been found to be soil moisture content and temperature. These 
climatic variations affect the performance of the soil as a pipeline support medium 
and may cause pipe bending stresses to increase (Clark, 1971; Edil and Bahmanyar, 
1983). Temperature and soil moisture content are discussed in turn below.
It has been observed that there are increased incidences of pipe breakage in winter 
months (Ministry of Health, 1950; Morris, 1967; Newport, 1981; Walski and 
Pelliccia, 1982; Ciottoni, 1985), particularly immediately after a drop in air 
temperature (Bacon et al., 1973; Roberts and Regan, 1974). Theoretical (Rajani et 
al., 1996) and experimental (Newport, 1981; Edil and Bahmanyar, 1983) studies 
suggest that winter pipe breakage is partially due to bending stress induced by frost 
action. Low air temperatures result in the formation of frost at the ground surface. 
This in turn has an effect on the underlying soil. It is generally accepted that water 
may be attracted to the freezing front, causing ice lenses to form and resulting in frost 
heave (see, for example, Needham and Howe, 1984; Rajani and Morgenstem, 1993). 
It has also been suggested by Edil and Bahmanyar (1983) that in some cases of high 
soil saturation water may be expelled by the freezing front, causing increased pore 
water pressure and reduced soil rigidity. Both scenarios result in the induction of 
bending stresses in buried pipelines. It should be noted that the theoretical and 
experimental studies cited relate mainly to severe ground freezing of the type 
normally associated with North American winters, rather than the milder seasonal 
changes encountered in the UK. However, the principles of temperature effects on 
pipelines should still be applicable to the UK situation, although to a lesser 
magnitude and frequency than the studies cited suggest. Seasonal changes in 
temperature also induce longitudinal tensile and compressive stresses in pipelines 
and these are considered below in Section 2.6.3.
Changes in soil moisture content affect the bending stress induced in a main. For 
cohesive soils in particular, such as clay, increases in moisture content cause the soil 
to expand (Morris, 1967; Clark, 1971; Needham and Howe, 1984). In experimental 
studies, increases in soil moisture content from the status quo, simulating soil 
saturation after heavy rainfall, have been found to induce bending stresses in
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pipelines (Needham and Howe, 1984). Maximum and minimum soil moisture 
occurrences were found by Chambers (1983) to coincide with high numbers of water 
main leaks. It has also been suggested that the presence of tree and plant roots in the 
vicinity of buried pipelines may further reduce the moisture content of the 
surrounding soil and accentuate problems of shrinkage (Jarvis, 1997). Incidences of 
high burst rates have been observed following dry summer periods, measured as the 
degree of soil moisture deficit (Ministry of Health, 1950; Newport, 1981; Chambers, 
1983; Oliphant et al., 1997). Changes in soil moisture content may also result in an 
overall compressive hoop stress on the pipeline, which is discussed in more detail in 
Section 2.7.
iv) Loads imposed by ground movement
Bending may be induced in buried pipelines by movement of the surrounding 
ground. In some parts of the world, large ground movements and subsequent 
pipeline stress are caused by earthquakes (Audibert et al., 1984). Landslides also 
impose loads on buried pipelines (Audibert et al., 1984; Jarvis, 1997). Most 
commonly, ground movements are caused by tunnelling and excavations for 
structures and services (Crofts et al., 1977; Howe et al., 1980; Kyrou et al., 1980; 
Rumsey et al., 1982; Symons et al., 1982).
Lateral ground movement occurs when the walls of an excavation heave into the void 
created on removal of the soil (Gumbel and Wilson, 1980; Kyrou et al., 1980; 
Rumsey, et al., 1982; Needham and Howe, 1984), thereby placing a localised 
horizontal load on nearby pipelines (Rumsey et al., 1982; Symons et al., 1982; Nath, 
1983). Ground settlement also occurs in the area around an excavation (Gumbel and 
Wilson, 1980; Kyrou et al., 1980; Needham and Howe, 1984), and causes vertical 
bending stresses to be induced in nearby pipelines (Howe et al., 1980; Rumsey et al., 
1982; Symons et al., 1982; Nath, 1983). Tunnelling causes both vertical and 
horizontal ground movements (Howe et al., 1980; Attewell and Woodman, 1982; 
Needham and Howe, 1984) and may result in the induction of bending moments in 
local buried water pipelines (Howe et al., 1980).
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When an excavation is backfilled the heaved walls and surrounding ground are not 
returned to their original position (Gumbel and Wilson, 1980) and the bending 
stresses induced in adjacent pipelines may become permanent (Crofts et al., 1977; 
Howe et al., 1980). Poor compaction of backfill may result in further ground 
movement and increased bending stresses in adjacent pipelines (Crofts et al., 1977; 
1980; Rumsey, 1982; Rumsey et al., 1982; Symons et a l, 1982). Ground 
movements have been observed to be of greater magnitude in cohesive soils, such as 
clay, than in non-cohesive soils (Rumsey et al., 1982). In cohesive soils, ground 
movements are also prone to continue to increase after reinstatement (Rumsey et al., 
1982).
In summary, the bending stress induced in a pipeline depends on the support 
conditions of the pipeline, the pipe material and dimensions, and the applied loading. 
The types of loading include the soil weight, traffic, climatic conditions and other 
excavations. The bending moments induced in a pipeline may be analysed by 
application of the theory of beams on elastic foundations to take into account the 
soil-structure interaction.
2.6.2 Shear stress
In addition to bending failure, circumferential fractures in distribution mains may 
also be caused by shear loading (Edil and Bahmanyar, 1983; Smith, 1988). Shear 
stress in a buried pipeline is caused by differential vertical or horizontal lateral 
loading along a given length. A single applied load may induce both shear and 
bending in a buried pipeline. The magnitude of the bending stress developed in the 
pipe is dependent on the pipe bedding conditions, whereas the shear stress is 
independent of bedding. Hence, a large bending stress may develop for a small 
applied load where the bedding is poor, causing failure of the pipeline. Where the 
bedding is good, a much higher applied load is required to fail the pipe in bending, 
and the maximum shear strength of the pipe may be reached before bending failure.
Shear loading may be induced by ground movement, including earthquakes, landslips 
and settlement caused by excavations and tunnelling (Geddes, 1980; Howe et a l, 
1980; Audibert et a l, 1984; Needham and Howe, 1984). Shear may also be induced
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where a section of the pipeline is built into a solid structure, such as a building or 
thrust block (Smith, 1988).
Despite the potential significance of shear loading, the author was unable to find data 
for failure loads of cast iron pipe tested in shear. The current standard for ductile 
iron pipe does not require pipe to withstand a specific shear load (BS EN 545:1994). 
However, it is particularly important that a joint can withstand differential loads 
applied over it (Glover, 1982). Joints for 100 mm and 150 mm diameter ductile iron 
joints are required to take 5 kN and 7.5 kN of shear load, respectively (BS EN 
545:1994). This is equivalent to a maximum shear stress under pure shear for new 
ductile iron pipe of approximately 2.5 MN/m2, for both 100 mm and 150 mm 
diameter mains.
2.6.3 Longitudinal stress
Longitudinal stress is induced by tensile or compressive loading along the plane of a 
pipeline and may result in circumferential fracture. Such loadings can be caused by 
thermal loading or by the non-uniform distribution of pressure around bends. These 
two factors are discussed in turn.
(i) Thermal loading
Longitudinal stress may be induced in a pipeline by resistance to thermal expansion 
or contraction (Troitsky, 1982; Rajani et a l, 1996). The degree of thermal stress 
developed in a pipeline is dependent on the difference between the temperature of the 
pipe at the time of installation and the maximum or minimum annual ground 
temperature, depending on which differential is the greater (Roberts and Regan, 
1977; Stephenson, 1981; Troitsky, 1982; Rajani et a l, 1996). Goulter and Kazemi 
(1988) suggested that when a pipe is exposed to the air for repair or other reasons at 
extremes of annual temperature, circumferential failure may be caused by the 
increased thermal load. The temperature of the water being carried has also been 
suggested as a cause of water main stress (Arnold, 1960; Neimeyer, 1960; Morris, 
1967; Roberts and Regan, 1974 and 1977). Reductions in the number of 
circumferential fractures in a distribution system have been achieved by increasing 
water temperature (Neimeyer, 1960). However, Roberts and Regan (1974 and 1977)
C laire Ashton - M P hil 51
C hapter 2  - L eakage an d  W ater D istribu tion  M ain F ailure
found that for the Metropolitan Water Board (the predecessor of Thames Water) the 
seasonal variation in water temperature was less significant than changes in ground 
temperature.
Longitudinal restraint of a pipeline against thermal expansion or contraction may be 
imposed by rigid joints or by frictional resistance of the surrounding soil (Rajani et 
a l, 1996). The frictional resistance of the soil-pipe interface depends on the 
properties of the subgrade and the roughness of the pipe external surface (Audibert et 
a l, 1984; Rajani et a l, 1996). In many cases the exterior of exhumed pipe has 
corroded and a layer of oxidised material indistinguishable as either metal or soil has 
been observed (Audibert et a l, 1984). This results in a high frictional resistance and 
consequent propensity for thermal stresses to develop in the pipeline. The 
longitudinal stress in a pipeline due to resistance to thermal loading can be calculated 
from:
a Lt=EaAT  (2.4)
where <j Li = longitudinal stress due to thermal effects 
E  = modulus of elasticity 
a  = coefficient of thermal expansion 
AT=  change in temperature
The modulus of elasticity, E, for cast iron depends on the grade of material. An 
approximate value of 90 GPa is taken (Angus, 1976). The coefficient of thermal 
expansion, a , for cast iron is taken as 10.5 x 10*6 K'1 (Angus, 1976). The maximum 
change in temperature, AT, can be taken as 35°C in the UK, for a pipe installed in hot 
summer and exposed again in cold winter, or vice versa. The maximum longitudinal 
stress induced by this change in temperature is approximately 33 MN/m2 for 
completely restrained iron pipe.
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(ii) Pressure at bends
Longitudinal forces also occur at bends in a pipeline. The water pressure imposes a 
load on the wall of the pipe on the outside of the bend. This results in a longitudinal 
tensile stress in the pipe wall either side of the bend. The load is due mainly to static 
water pressure. The dynamic pressure head is considered negligible at usual water 
main flow velocities (Thorley and Atkinson, 1994). The longitudinal stress in a pipe 
due to static water pressure is given by:
p d 2 ( l-c o s0 )  
(D2 - d 2)° L P = - n i  1 2 \  (2 -5)
where oLp = longitudinal stress due to static pressure 
p  = internal static pressure 
d = internal diameter 
D = external diameter 
0 = angle of bend
The longitudinal stress due to static pressure at bends will be at a maximum for a 90° 
bend. A maximum mains pressure equal to the recommended test pressure in BS EN 
545:1994 of 9600 kPa is taken. The stress induced is inversely proportional to the 
wall thickness of the main so, as a guide, the minimum allowable wall thickness for 
new ductile iron pipe of 6 mm for a 100 mm (4”) diameter pipe (BS EN 545:1994) is 
assumed. A longitudinal stress of 37.7 MN/m2 is induced under these conditions. It 
should be noted that this value does not include any reduction in stress due to the soil 
restraint on the outside of the bend.
The maximum longitudinal stress experienced by a pipeline is the total of both 
thermal effects and static pressure loading at bends. Adding together the two values 
calculated above, the maximum longitudinal stress for 100 mm diameter cast iron 
distribution mains is approximately 71 MN/m2.
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2.7 Longitudinal fracture
Longitudinal fractures in the barrel of distribution mains typically occur less 
frequently than circumferential failures (Figure 2.11) but may still require repair. For 
large diameter pipelines, i.e. trunk mains, the cause of failure may be radial crushing 
of the pipe wall due to external loading, such as traffic (Smith, 1988). However, in 
small diameter pipes the ratio of the wall thickness to pipe diameter is greater and the 
radial compressive strength of the pipe wall is such as to resist crushing failure. 
Under high external load small diameter pipes tend to fail in bending, exhibiting 
circumferential fracture, rather than in crushing (Smith, 1988; Clark and Goodrich, 
1989).
The cause of most longitudinal fractures in small diameter pipelines is likely to be 
tensile hoop stress. Hoop stress in the pipe wall is a result of differential pressure 
between the internal water pressure and external soil loading (Figure 2.17). For most 
rigid pipelines, the surrounding fill provides little radial restraint (Rajani et al., 
1996). In this case, where water pressure is greater than soil loading, the hoop stress 
is resolved as a tensile stress circumferentially around the pipe material.
New ductile iron distribution mains are required to withstand a test pressure of 9600 
kPa internal pressure (BS EN 545:1994). This is approximately ten times the 
maximum working pressure in the Thames Water distribution network. Hoop stress 
is given by:
pd
(2 .6)
where a c = circumferential stress
p = internal water pressure 
d = internal diameter 
t = pipe wall thickness
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The maximum hoop stress induced in a pipeline by 9600 kPa test pressure is 80 
MN/m2 for 100 mm diameter pipe and 120 MN/m2 for 150 mm diameter pipe, for a 
minimum wall thickness of 6 mm (BS EN 545:1994). The maximum operating 
pressure encountered in the distribution of Thames Water is currently 800 kPa 
(excluding surge pressures), which equates to an imposed hoop stress of 6.67 MN/m2 
and 10 MN/m2 for 100 mm and 150 mm diameter pipe, respectively. These values 
can be compared to a maximum hoop strength range of 10,700 psi to 30,800 psi (74 
MN/m2 to 212 MN/m2) for exhumed 150 mm (6”) diameter pit cast iron pipe failed 
by internal pressure loading (Talbot, 1926) indicating that in practice internal 
pressure alone is unlikely to cause failure of pipes operating under normal pressures 
within the distribution system.
However, internal water pressure has been identified as a cause of water distribution 
main failure by a number of authors (Arnold, 1960; Bacon et al., 1973; Roberts and 
Regan, 1977; Oliphant et a l, 1997). Bacon et al. (1973) and Roberts and Regan 
(1977) noted that failure often occurred in the early hours of the morning and 
suggested that this may be because pressure is high at this time of day (due to low 
water consumption). It has also been suggested that changes or surges in pressure 
may increase the hoop stress induced in pipelines (Arnold, 1960; Rajani et al., 1996; 
Oliphant et a l, 1997). In summary, internal water pressure alone is unlikely to cause 
pipeline failure unless the degree of material degradation is severe (Arnold, 1960; 
Roberts and Regan, 1977; Andreou et a l, 1987), and pipeline failure events may be 
triggered by surge events or high night time pressures.
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Figure 2.17 Pipeline cross section showing hoop stress and the resulting tensile 
stress in the pipe wall (where the internal water pressure is greater than the external
soil load)
For cast iron mains, corrosion may result in holes developing in the pipe walls. 
Although for Thames Water holes are not the most frequent cause of distribution main 
failure (Figure 2.11), for other water companies or in specific localities corrosion has 
been found to be responsible for a significant proportion of bursts and is therefore an 
important factor (Wood, 1948; Ministry of Health, 1950; Chambers, 1983).
Corrosion is an aqueous electrochemical process which results in the loss of material 
from the pipe wall. The anode and cathode are both located on the same pipeline but 
may be some distance apart. For internal corrosion, the electrolyte is the water being 
carried. For external corrosion the electrolyte is the moisture in the soil. At the 
cathode, three possible reactions may occur, depending on the surrounding 
environment. Hydrogen evolution occurs in acidic solutions (Ministry of Health, 1950; 
Butler and Ison, 1966; De Rosa and Parkinson, 1986). Oxygen absorption occurs in 
near-neutral aerated solutions (Butler and Ison, 1966; De Rosa and Parkinson, 1986).
2.8 Holes
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In near-neutral, anaerobic environments micro-organisms, in particular sulphate 
reducing bacteria, may influence the corrosion (Wood, 1948; Butlin and Vemon, 1949; 
Ministry of Health, 1950; Butler and Ison, 1966; Tiller, 1983; De Rosa and Parkinson, 
1986; Costerton and Boivin 1987; Marchal and Poirier, 1992; Nielsen, 1996).
Several types of corrosion are defined by Butler and Ison (1966), Pludek (1977), and 
Schock (1990). These can affect a pipe both internally and externally. Uniform 
corrosion results in a relatively uniform loss of metal over the whole surface. The most 
likely reason for this type of corrosion in cast iron water pipes is that anodic sites 
change position on the surface constantly (Schock 1990). This type of corrosion is 
slow to penetrate the pipe and cause leakage (Ministry of Health, 1950). Eventual 
failure would be of a severe structural nature requiring the complete rehabilitation or 
replacement of the pipe affected. Alternatively, various forms of non-uniform (or 
localised) corrosion can occur. The anode is usually small in comparison to the 
cathode and so the loss of metal at the anode can be rapid. Localised corrosion usually 
results in a severe but localised failure which requires repair rather than rehabilitation. 
Only in cases of significant numbers of localised failures occurring within a street or 
district would rehabilitation of the whole pipeline be carried out. Specific types of 
localised corrosion are discussed in turn.
Pitting corrosion is when non-uniform pits or holes occur in the pipe surface at small 
anodes with relatively large surrounding cathodic areas (Butler and Ison, 1966; Shreir, 
1976). In cast iron pipes, pitting corrosion results in the build up of deposits of iron 
oxides and oxyhydroxides, known as tubercles, at the anode (Butler and Ison, 1966; 
Schock 1990). Tubercles are spherical in shape, and comprise a thin, hard outer crust 
of brown magnetite (Fe30 4) with a thin coating of geothite (a-FeO.OH). The inside of 
the tubercle has been found to consist of a mixture of hydrated ferrous oxides and iron 
sulphides (Ainsworth et al, 1979). Accumulations of tubercles on the inside of a 
pipeline may result in hydraulic problems due to the decrease in pipe diameter and 
increase in surface roughness (Larson 1955, Schock 1990).
Graphitisation is a type of selective corrosion (leaching) which affects grey and ductile 
cast iron (Ministry of Health, 1950; Butler and Ison, 1966; Pludek, 1977; Yamamoto et
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al., 1983; De Rosa and Parkinson, 1986). The graphite particles within the cast iron 
matrix serve as the cathode and the iron-silicone alloy around the graphite corrodes 
away. The remaining graphite has less strength than iron, (Butler and Ison 1966), but 
the physical form of the pipe is maintained. Nevertheless, the structural integrity of the 
pipe can be maintained by the graphite and the pipe may still be able to resist moderate 
internal and external forces (Ministry of Health, 1950; Hamilton 1960; Collins 1976).
Other types of corrosion have specific causes. Galvanic corrosion occurs when two 
dissimilar metals are joined together, for example, copper and iron (Butler and Ison, 
1966; Singley, 1978; Gummow, 1984; Crathome et a l, 1987; O’Day, 1989). In this 
case, iron, which is lower in the galvanic series (Obrecht and Porbaix, 1967), becomes 
the anode and corrodes. Galvanic corrosion may occur on pipelines where the pipe 
material is different from that used for fittings or other connected pipes. For example, 
steel bolts used in joints on cast iron pipelines have been found to completely corrode 
in ten years (Chambers, 1983). Concentration cell corrosion occurs when differences, 
such as acidity or dissolved oxygen, exist in the environments surrounding the metal. 
This type of corrosion may occur at existing tubercles due to differential aeration 
(Obrecht and Pourbaix, 1967). Concentration cell corrosion may also occur on longer 
lengths of pipe which are located in more than one type of soil, for example, a soil with 
a low oxygen content, such as clay, and then one with a high oxygen content, such as 
gravel (Hamilton, 1954; Nielsen, 1996). Loss of metal will occur at the part of the pipe 
located in the area with the low oxygen concentration. Crevice corrosion is a form of 
localised corrosion that occurs in crevices at gaskets, lap joints, rivets and surface 
^deposits due to changes in acidity, oxygen depletion, or dissolved ions (Butler and Ison, 
1966; Shreir, 1976; Singley, 1978; Schock, 1990). Erosion corrosion and cavitation 
corrosion both affect pipes internally. Erosion corrosion is caused by high velocity 
flows and turbulence (Butler and Ison, 1966; Shreir, 1976; Schock, 1990). Cavitation 
corrosion occurs with the collapse of cavities in the liquid caused by sudden drops to 
below vapour pressure (Butler and Ison, 1966; Schock, 1990). In both cases removal 
of any internal pipe lining facilitates the corrosion process.
In some cases corrosion is accentuated by loading on the pipeline. Corrosion fatigue is 
caused by a combination of cyclic loading and corrosion (Butler and Ison, 1966;
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Collins, 1976). The combined effect is greater than the sum of the individual actions 
(Pludek, 1977). Fissure corrosion is peculiar to centrifugally cast grey iron (Oliphant, 
1987). It is caused by a combination of corrosion and stress (Palmer, 1981; Regan and 
Speare, 1981; Regan et al, 1982). Neither the corrosion nor the stress alone would 
cause failure of the pipe. Fissure corrosion is characterised by V-shaped fissures 
appearing at right angles to the stress, which penetrate far into the body of metal 
(Oliphant, 1987). Failure often takes the form of circumferential fracture of the pipe, 
caused by the initial penetration of the fissure (Regan and Speare, 1981; Regan et al, 
1982).
The rate of corrosion of a cast iron pipe is determined by the physical, chemical, and 
microbiological properties either of the water carried by the pipe, for internal corrosion, 
or of the surrounding soil, for external corrosion. Corrosion is a time related process, 
where the resultant degree of degradation is determined by the rate of corrosion and the 
time elapsed. Criteria affecting internal corrosion are discussed below, and then other 
factors specific to external corrosion are considered. Issues relating to the age and 
resultant degradation of iron pipe are also discussed
2.8.1 Internal corrosion
For internal corrosion, the water being carried acts as an electrolyte and facilitates 
corrosion of iron pipe. The properties of the water may influence either the rate of 
corrosion of the cast iron, or the formation and destruction of protective chemical 
coatings. There are three main types of protective coating. The first is the oxide film 
naturally present on cast iron when the material surface is in contact with a large supply 
of oxygen. Cast iron has erroneously been perceived as resistant to corrosion (Stanton 
Ironworks Company, 1936), which may have been due to the iron oxide skin that forms 
on the surface of the cast iron during the process of manufacture (Larson and Skold, 
1957).
The second type of protective coating is formed during use by the deposition of certain 
chemicals with corrosion inhibitive properties, namely calcium carbonate, 
polyphosphates, and silicates (Larson and Skold, 1957; Butler and Ison, 1966; Merrill 
and Sanks, 1978; Schock, 1990). These chemicals may be present in the water being
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carried or may be formed by the products of corrosion reactions. Water saturated with 
calcium carbonate was found in the early twentieth century to deposit a protective 
coating on the interior surface of the pipe (Baylis, 1935; Langelier, 1936). Saturation 
with calcium carbonate became one of the desired properties of water entering the 
distribution system (Baylis, 1935; Langelier, 1936) and remains so today (Legrand and 
Leroy, 1990). The water should be slightly supersaturated on occasions to allow 
deposition of calcium carbonate and formation of the film (Baylis, 1935). If the level 
of calcium carbonate falls below the saturation point, which may be due to a deficiency 
in the levels of calcium ions, carbonate ions, or both, the water will tend to dissolve 
away any film that has formed (Baylis, 1935; Langelier, 1936). Coating the inside of 
potable water pipes with calcium was initially facilitated by maintaining a certain level 
of calcium carbonate in the water to gradually coat the inside of a main (Baylis, 1935; 
Langelier, 1936). Later, the procedure developed whereby a main was shut in and the 
inner walls coated as a specific operation taking only a few hours (McCauley, 1960a). 
The water supply was shut off during the latter procedure due to the high level of pH 
required, making the water unsatisfactory for domestic or industrial use.
The third type of internal protective lining is based on materials not present in potable 
water and is specifically applied to the interior surface of the pipeline prior to 
commissioning (Schock, 1990). Coal tar and bituminous materials were used for this 
purpose for many years (Ministry of Health, 1950; De Rosa and Parkinson, 1986) but 
are no longer popular due to concern about leaching of harmful components into the 
water being carried (Schock, 1990). Currently, cement mortar, epoxy resin or 
polyethylene linings are used to protect the internal surface of iron pipe from corrosion 
(De Rosa and Parkinson, 1986; Schock, 1990; Trew et al., 1995; Nielsen, 1996). The 
advantage of specific pipe lining products over deposition of chemicals from the water 
being carried is that the lining remains in place whatever the composition of the water 
(within the range of normal potable water quality).
Where the pipe lining is absent or has been eroded, the main physical characteristics 
affecting internal corrosion of the pipe material are temperature, velocity of flow, pH 
and presence of dissolved salts in the water being carried. Large (1982) and Williams 
et a l, (1984) found that the corrosion rate increases by a factor of approximately 1.4 or
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4, respectively, for a 10°C increase in water temperature (as the experimental details are 
not described in detail the differences between the two values cannot be determined). 
Dye (1952) presents a method for calculating the effect of temperature on pH, 
saturation index, free C 02 and alkalinity, which each in turn have an effect on the 
corrosion rate. However, Schock (1990) suggests that temperature fluctuations in water 
distribution systems are somewhat limited and other factors, discussed later, have more 
effect on the rate of corrosion. Other authors writing on the subject of causes of 
internal corrosion do not include temperature as a factor (for example, Oliphant 1987).
Flow velocity is another physical factor that has an effect on the rate of corrosivity of 
water to iron pipe. The effects of velocity of flow can appear contradictory. Larson 
(1955) found that for samples of cast iron immersed in a water with certain chemical 
characteristics the corrosion rate was doubled with an increase in flow velocity from 
0.04 to 0.27 m/s (0.14 to 0.89 fps). By contrast, Williams et a l (1984) and Oliphant 
(1987) reported that for a particular water a low velocity (0.02 m/s) gave a corrosion 
rate of at least three times that of a higher velocity (0.6 m/s). It appears that the effect 
of velocity of flow on corrosion tendency depends on the specific chemical properties 
of the water. In general, high velocity flow can contribute to higher corrosion rates by 
increasing the rate at which dissolved oxygen comes in contact with the surface of the 
pipe. However, in waters containing chemicals that act as corrosion inhibitors, such as 
calcium carbonate (Langelier, 1936; McCauley and Abdullah, 1958; Legrand and 
Leroy, 1990), higher velocities result in higher deposition rates which form protective 
scales more quickly (Larson and Skold, 1957) and of a better quality (McCauley, 
1960b), hence reducing corrosion. At high, turbulent flows erosion corrosion may 
occur. The effect of the turbulent flow is to erode any protective scale that may have 
formed and allow corrosion of the metal surface to occur (Collins, 1976).
Another of the chemical properties identified as influencing corrosion is the pH of the 
water being carried. The pH of natural waters ranges from pH 5 to pH 9 (Drane, 1976; 
Legrand and Leroy, 1990). It is generally accepted that waters with low pH are 
corrosive to cast iron (Morris 1967, Kirmeyer and Logsdon 1983), although the actual 
pH value at which high levels of corrosion cease is disputed. Values of pH 4 (Butler
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and Ison 1966), pH 5 (Schock 1990) and pH 6 (Collins, 1976) have been suggested. 
Waters of around pH 7 are generally accepted to be less corrosive than acidic water.
In some cases higher levels of corrosivity have been observed for high pH values than 
for pH 7 (Larson, 1955; Larson and Skold, 1958), whereas in other tests corrosion rates 
appeared to be the same at pH 7 and pH 9 (Larson and King, 1954). The apparent 
anomalies in the effect of water pH on corrosivity may be explained by distinguishing 
between the actual corrosion rate of the cast iron and the affect of pH on the deposition 
rate of protective coatings that then inhibit corrosion. Legrand and Leroy (1990) 
suggest that above pH 7 a ferric hydroxide deposit is likely to form, protecting the pipe 
metal from corrosion. Another possible deposit is calcium carbonate, although the 
effect of pH on calcium carbonate deposition is complicated (Langelier, 1936; Larson 
and Skold, 1957). A more detailed analysis of the affect of pH on oxide films is 
provided by Obrecht and Pourbaix (1967). In summary, at high levels of pH, 
deposition of protective films may occur in water containing the relevant chemicals, 
but in pipelines not protected by a deposit or film, corrosion may occur. Overall, most 
treated waters are only slightly acidic or slightly basic, and hence the rate of corrosivity 
due to pH is likely to be low (Larson 1955; Butler and Ison, 1966; Nielsen 1996). 
Although some trends regarding the effect of pH on corrosivity are apparent, other 
physical and chemical factors may influence the rate of corrosivity to a greater or lesser 
degree, making it hard to determine the specific effect of pH.
Another chemical property that affects the rate of internal corrosion of cast iron pipe is 
the presence of dissolved salts. Certain salts, such as carbonates and bicarbonates, 
inhibit corrosion and these have been discussed previously in this section. Other salts 
are known to be aggressive and act by increasing the conductivity of the water, for 
example chlorides and sulphates (Larson, 1955; Butler and Ison, 1966; Singley, 1981; 
Kirmeyer and Logsden, 1983; Schock, 1990; Podobaev and Kozlov, 1991). Gaseous 
chlorine lowers the pH of water (Schock, 1990), the effect of which has been discussed 
above. Chlorite and sulphate ions cause pitting of iron pipes by breaking down and 
preventing the formation of protective metallic oxide films (Butler and Ison, 1966; 
Schock, 1990).
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2.8.2 External corrosion
External corrosion is a function of the soil surrounding a buried pipeline. The solid, 
liquid and gaseous phases of the soil mass may all influence the degree of corrosion 
caused. In particular, the following soil properties are important: electrical resistivity, 
moisture content, acidity, soluble salt concentration and aeration (O’Day, 1989; Jarvis 
and Hedges 1994). Corrosion may also be caused by stray currents travelling through 
the soil medium (Hamilton 1960). These factors are discussed in turn below.
The resistivity of a soil affects its corrosivity towards buried iron pipes. As resistivity 
increases, corrosivity tends to decrease (Marchal and Poirier, 1992). This is because an 
increase in resistivity reduces the electrical current carried by the soil which in turn 
decreases the amount of corrosion occurring. Resistivity principally depends on the 
dissolved ionic salt content and the water content of the soil (Palmer, 1989; Marchal 
and Poirier, 1992). It has generally been concluded that resistivity is the most 
important factor for determining the corrosive potential of soils to buried pipes (Booth 
et a l, 1967; Oliphant, 1987; Escalante, 1989; Palmer, 1989).
The moisture in the soil surrounding a buried pipeline functions as the electrolyte for 
electrochemical corrosion, hence contributing to low resistivity (Marchal and Poirier, 
1992; Nielsen, 1996). Soil moisture content also affects the oxygen level at the pipe 
surface, which is required for some types of corrosion to occur (Marchal and Poirier, 
1992).
As discussed above for internal corrosion, low pH levels in particular promote 
corrosion. Natural soils generally have a pH of between 4 and 8 and are therefore 
unlikely to cause significant external corrosion (Chambers, 1983; Marchal and Poirier, 
1992). However, extreme pH levels may be caused by the addition of products to the 
soil. Low soil pH and consequent corrosion of buried pipelines may be caused by 
pollution from acidic industrial wastes (Barry, 1983; Crathome et al., 1987; Palmer, 
1989; Marchal and Poirier, 1992). High pH levels may result from the application of 
fertiliser (Marchal and Poirier, 1992).
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Salts within the soil contribute to external corrosion. In particular, chloride has a 
depassivating effect, and sulphates participate in bacterial corrosion processes (Ministry 
of Health, 1950; Marchal and Poirier, 1992). Salts may occur naturally within a soil or 
may be the result of other activities such as road de-icing or the application of fertiliser 
at the ground surface (Ministry of Health, 1950; Gummow, 1984; Palmer, 1989). By 
contrast, carbonates and bicarbonates have a favourable effect in that they act as buffers 
against corrosion (Marchal and Poirier, 1992). The effects of dissolved salts have been 
discussed more fully above in the context of internal corrosion, but may equally apply 
to conditions on the pipe exterior.
Soil aeration affects the degree to which the various corrosion mechanisms may act. 
Hydrogen evolution and oxygen absorption can only occur in aerated environments, 
whilst anaerobic soils support sulphate-reducing bacteria (Tiller, 1983; Palmer, 1989). 
Soil aeration is typically measured as redox potential in mV (Escalante, 1989; Palmer, 
1989). Low levels of redox potential may be the best indicator of potential corrosion 
from microbiological activity (Booth et al., 1967).
Certain soils typically exhibit a combination of properties that cause corrosion. Clay 
soils in particular have been identified as giving rise to high pipe burst rates (Butlin and 
Vemon, 1949; Ministry of Health, 1950; Newport, 1981; O’Day, 1982; De Rosa and 
Parkinson, 1986). Whilst this is partially due to the expansive variation of clay soil 
inducing stresses within buried pipelines, clays also tend to have higher levels of 
corrosivity than other soils such as sands and gravels (Butlin and Vemon, 1949; 
Newport, 1981; Chambers, 1983; Jarvis, 1997). The corrosivity of clay soil is 
frequently due to its low resistivity (Chambers, 1983). Clay soils also often exhibit 
poor aeration when wet (Ministry of Health, 1950; Escalante, 1989) and this provides 
the appropriate anaerobic conditions for sulphate reducing bacteria to facilitate 
corrosion of buried pipe (Butlin and Vemon, 1949; Ministry of Health, 1950; 
Hamilton, 1954).
In addition to clay soils, formations naturally containing salts, such as gypsum and 
rock-salt, or those located in coastal areas subject to saline intrusion are potentially 
corrosive to buried pipelines (Ministry of Health, 1950). The backfill material used
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around buried pipelines may also contribute significantly to corrosion. In particular the 
use of ashes, cinders and clinker have been identified as promoting corrosion (Wood, 
1948; Butlin and Vemon, 1949; Crathome et al., 1987).
Although external corrosion of buried iron pipes is mostly caused by the properties of 
the surrounding soil, stray electrical currents are an alternative source of corrosion. 
Stray currents may be generated in soil media in the vicinity of installations such as 
railway and tram lines, and industrial installations, such as travelling cranes (Ministry 
of Health, 1950; Hamilton, 1954; Arnold, 1960; O’Day, 1989; Palmer, 1989; Marchal 
and Poirier, 1992). Buried metal pipe may often be the most conductive material in the 
area and hence carries a significant proportion of the stray current (Hamilton, 1954; 
Butler and Ison, 1966; Marchal and Poirier, 1992). This in turn results in corrosion of 
the metal pipe (Ministry of Health, 1950; Hamilton, 1954; O’Day, 1989; Palmer, 
1989). Corrosion may also occur where domestic and industrial appliances are 
grounded by direct connection to water pipes (Hamilton, 1960). Stray current 
corrosion is primarily caused by direct currents. Alternating currents may occasionally 
be rectified by the soil but this is considered rare (Marchal and Poirier, 1992). A 
cathode is formed at the site at which the current enters the pipeline (Marchal and 
Poirier, 1992). The anode, at which the loss of pipe material occurs, is located at the 
point where the current leaves the pipe and may not be near the source of the current 
(Ministry of Health, 1950; Hamilton, 1954; Singley, 1978; O’Day, 1989; Nielsen, 
1996). Cases of severe localised corrosion may therefore have no easily identifiable 
source.
External corrosion may be prevented by the application of a protective pipe coating. 
Since Victorian times coal tar and then bituminous materials have been used (Collins, 
1983; Oliphant, 1987). More recently pipes have been protected from external 
corrosion by spraying with a thin zinc coating and/or wrapping in loose polyethylene 
sleeving (Collins, 1983; Oliphant, 1987; Crathome et a l, 1987; Trew et al., 1995; 
Nielsen, 1996). The zinc coating initially acts as a sacrificial anode and then, under 
favourable conditions, the product of the corrosion forms an impervious adherent layer 
(Oliphant, 1987; Trew et al., 1995; Nielsen, 1996). In cases where a high level of 
corrosive attack is predicted, cathodic protection may be installed in the form of a
C laire Ashton - M P hil 65
C hapter 2  - L eakage an d  W ater D istribution  M ain F ailure
sacrificial anode on the outside of the pipeline (Gummow, 1984; Trew et al., 1995; 
Nielsen, 1996).
2.8.3 Pipe age
The amount of degradation of a pipe, measured by the volume of material lost, is a 
combination of the external and internal environments and the time over which the 
corrosion has been occurring. It has been found that the external and internal pipe 
environments are the primary factors determining the degree of corrosion of a 
pipeline. The age of a pipeline has been found to be of secondary importance 
(O’Day, 1982; 1989). The lack of importance of the age of a pipeline with respect to 
corrosion is partially affected by the fact that the rate of corrosion decreases over 
time (Hamilton, 1960; Yamamoto et al., 1983). This may be because a layer of 
corrosion products develops on the corroded pipe surface and prevents oxygen and 
water, needed to continue the corrosion, from reaching the un-corroded metal 
(Yamamoto et al., 1983).
It has been suggested by Ciottoni (1983) and Clark and Goodrich (1989) that the 
vintage of iron pipe may be more important than age in determining its propensity to 
corrosion. The vintage of a pipe refers to the period in which it was manufactured 
and installed. Both casting methods and the properties of the iron used in pipe 
manufacture have changed over time, as discussed in Section 2.4, and may affect the 
degree of corrosion occurring in a pipe. Casting changed from horizontal to vertical 
pit casting, and then centrifugal spinning was introduced in the 1920s. The main 
change in material has been from grey to ductile cast iron. As casting methods and 
quality assurance improved the average wall thickness of pipe could be reduced. The 
advent of ductile iron marked a significant improvement in the strength of the 
material and the thickness of the pipe walls were considerably reduced. Corrosion 
has since been identified as a particular problem with ductile iron but after 
investigation (Gummow, 1984; De Rosa and Parkinson, 1986; Clark and Goodrich,
1989) this has been determined to be due to the decreased pipe wall thickness rather 
than any inherent material propensity to corrosion.
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The installation practice for a particular vintage of iron pipe has a bearing on the 
ensuing degree of corrosion (Clark and Goodrich, 1989). Installation practice can 
include the bedding material around the pipe and the presence of any internal or 
external protective coating. With regard to bedding material, pipes buried directly in 
clay soil may be subject to corrosion from microbiological agents. Some mains in 
sand or gravel may attract moisture, due to the installation acting as a subsurface 
drain, and then degrade by the oxygen-dependent types of corrosion, namely 
hydrogen evolution or oxygen absorption (Clark, 1971; Palmer, 1989). However, 
laying iron pipes in sand rather than the native soil generally has a beneficial effect 
on the rate of corrosion and consequent failures (Nielsen, 1996). Pipes buried in 
material such as ashes, cinders and clinker are also prone to corrosive attack (Wood, 
1948; Butlin and Vemon, 1949; Ministry of Health, 1950).
The presence and quality of any internal or external coating will determine the time 
at which a main starts to corrode. Where no protection is present, the pipe will 
corrode from the day it is installed, with the rate of corrosion depending on the 
internal water and external soil characteristics. When a coating or lining has been in 
place from the time of installation, corrosion will be prevented from occurring until 
the protection has deteriorated. However, slight damage to the coating, either during 
installation or subsequently, will allow localised corrosion to occur and may cause 
failure of the pipeline even if the protective barrier is largely in place.
2.8.4 Corrosion and loading
Pipeline failures may frequently be a combination of weakening by corrosion and 
stress caused by some form of applied loading (Ministry of Health, 1950; Arnold, 
1960; Clark, 1971; De Rosa and Parkinson, 1986). When reporting incidences of pipe 
failure, corrosion is usually only identified as a causal agent where the failure type is 
a hole (Palmer, 1989). It should be recognised that corrosion may significantly affect 
the strength of a pipe and play a fundamental part in many apparent mechanical 
failures, such as circumferential and longitudinal cracks (Kirby, 1979; Chambers, 
1983; Yamamoto et al., 1983; Atkinson et al., 2001).
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Where a pipe has experienced graphitisation the graphite residue contributes little 
strength to the pipeline although giving the visual appearance of being structurally 
sound (Yamamoto et al., 1983). For example, the effect of graphitisation on the 
hoop strength of cast iron pipe has been examined (Kirby, 1979). The hoop strength 
for fully graphitised pipe was calculated from tensile strength tests and found to vary 
from 1.5 to 3.3 MN/m2 (Kirby, 1979). This compares to a maximum hoop strength 
for exhumed grey cast iron pipe of between 74 MN/m2 and 212 MN/m2 (Talbot, 
1926) and a design hoop strength for new ductile iron distribution mains of 80 
MN/m2 to 120 MN/m2 (BS EN 545:1994). Many failures have been noted to occur 
in the early hours of the morning when internal pressure is at its peak (Clark, 1960). 
The effect of increased water pressure is likely to be the final factor that fails an 
already stressed or degraded pipeline, rather than the primary cause of failure. In 
particular, full-wall plugs of external graphitic corrosion will be pushed outwards by 
internal water pressure (Smith, 1988). By contrast, internal graphitic residue will be 
held in place in the pipe wall by the positive internal pressure.
2.9 Distribution main repair
Distribution mains require localised repair when failure occurs to prevent leakage of 
water and restore the structural integrity of the pipeline. Repair refers to the sealing 
of isolated failures, usually on the exterior of the pipe. Such failures may have been 
identified by leak detection activity (active location) or public reporting (passive 
location). The process of carrying out a repair is reactive rather than pre-planned and 
is an important part of network management, required in addition to an effective 
rehabilitation strategy and pressure control.
There is little formal literature concerning the development of water pipe repair 
techniques. Therefore, in addition to the sparse literature that is available, two 
further methods of gathering information have been used by the author. Firstly, 
advertisements in trade journals and promotional literature from companies have 
been used to trace the development of repair techniques. Secondly, an oral history of 
working practices has been sought from long serving water industry personnel.
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Prior to the 1950s, the repair of failures in cast iron pipes often involved cutting out 
the damaged section, and replacing it with new pipe. The new section of pipe was 
connected into the pipeline with two plain-ended pipe couplings. Lead- and rubber- 
sealed couplings for jointing plain-ended pipe have been available since the 1880s 
(Boden, 1956). In the early 1950s, the first repair clamps were developed as a 
lengthened pipe coupling, which could be applied over a failure without the need to 
cut out the damaged section of pipe (Anon, 1951a; Babbitt and Doland, 1955; Boden, 
1956; Pass, 1958). Such devices took a variety of forms, including clamps to fit 
around leaking joints, short clamps to cover small failures, and long split collars to 
repair larger failures and longitudinal splits. Repair clamps of this kind were used as 
emergency measures only until the 1960s (Babitt and Doland, 1955; Stedman, 
personal communication, 1998).
Originally, specific designs of repair clamp were developed for use with each type of 
failure. Clamps for corrosion holes had a gasket on one side of the clamp only, to fit 
over the failure (Anon, 1951a). Another method for repairing corrosion holes was to 
drill and tap to sound material, and then seal the hole with a brass or steel screw plug 
(Anon, 1951a; Stedman, personal communication, 1998). For circumferential cracks, 
a circular gasket was located over the failure. In one design, a brass ring was placed 
around the crack, over which a soft rubber gasket was clamped (Anon, 1951a). By 
the mid 1960s, repair clamps for circumferential fractures and corrosion holes were 
found to be effective in the long-term and so were used as a permanent repair method 
(Stedman, personal communication, 1998).
Current repair clamps are similar to those used in the 1950s. However, a single 
design of split collar repair clamp is now commonly used for both circumferential 
and small corrosion failures (Figure 2.18). Two types of wraparound clamp are also 
recommended for the same applications (WRc, 1994g). These are similar to the split 
collar repair clamps but cannot be separated into two halves. They either have a 
hinge in place of one of the sets of bolts, or are made from a single sheet of a 
stronger material with a thin section, such as stainless steel, to allow the clamp 
enough flexibility to be opened and placed over the pipe (WRc, 1994g). Repair 
clamps have in the past been made of cast iron, steel, galvanised steel, and copper
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(Anon, 1951a). Today, most clamps are constructed of ductile iron, with a minority 
made in steel or stainless steel.
The repair of longitudinal cracks and other severe failures is not effected in the same 
way as for circumferential and small corrosion failures. Although split collars were 
sometimes used to clamp over the pipe for the length of the failure in the 1950s 
(Anon, 1951a), the cutting out and replacing of the failed section of pipe is the 
technique recommended today, due to the risk of continued crack propagation (WRc, 
1994g).
Clamps were designed to repair leaking joints in addition to repairing failures in the 
pipe barrel (Anon, 1951a; 1951b; Boden, 1956; WRc, 1994g). In particular, there are 
two types of technique for spigot and socket joints. Where the failure is in the metal 
components, a bulbous split collar is fitted over the entire joint (Anon, 1951b; 
Goldsborough, 1952; WRc, 1994g). For leaking joint seals a different type of repair 
clamp is used. Two collars are placed either side of the joint, with a gasket between 
them (Anon, 1951a; 1951b; Boden, 1956)(Figure 2.19). The collars are joined 
longitudinally by bolts. As the bolts are tightened, the gasket is compressed into the 
joint to form a seal. In the 1950s, joint repair clamps produced a more permanent 
solution to leaking joints than recaulking with lead (Boden, 1956). Both joint repair 
clamps and bulbous split collars are still recommended to repair leaking joints (WRc, 
1994g). The joint seal repair clamp was uniquely termed a ‘repair clamp’ in the 
1950s (Boden, 1956), whilst other repair techniques were named specifically, for 
example, ‘split collar’. Today, the term ‘repair clamp’ is a generic term for a range 
of externally applied metal repair components.
Repair clamps and split sleeves have used the same methods of sealing as standard 
pipe joints, including lead-run seals, and lead, rubber, or synthetic rubber gaskets 
(Anon, 1951a; 1951b; Boden, 1956). For split sleeves, individual gaskets were 
originally used along the full length of the two longitudinal joints and 
circumferentially at either end of the clamp (Figure 2.20). Alternatively, double “H” 
gaskets which combined the longitudinal and semi-circumferential gaskets into one 
unit were also used in split collar repair clamps (Anon, 1951a; Pass, 1966). In 1971
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a new design of seal was introduced, known as the waffle gasket (Anon, 1971; 
Stedman, personal communication, 1998). The gasket consists of two tapered and 
overlapping waffle-textured sections of an elastomeric material that cover the full 
area of the interior of the clamp (Figure 2.21). Inside the metal housing the two 
parts of the elastomeric gasket seal onto the pipe as the bolts are tightened (WRc, 
1994g). The repair clamp with a waffle gasket is commonly used today for sealing 
circumferential and corrosion failures (WRc, 1994g; Stedman, personal 
communication, 1998).
The two part repair clamp has an advantage over wraparound versions in that the 
gasket can tolerate a greater variation in external pipe diameter. Waffle gaskets have 
a tolerance of approximately ±10 mm in diameter (Tinne, 1990). Wraparound 
clamps have a lower gasket diameter tolerance of approximately ±1 mm. This is 
important when repairing cast iron pipe of various ages and specifications.
Figure 2.18 Typical modem split collar (example 115.0 to 125.6 mm diameter,
manufactured by Aqua-Gas)
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Figure 2.20 1950s split collar with separate circumferential and longitudinal seals
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Figure 2.21 Modem repair clamp with waffle gasket
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3. M e t h o d o l o g y  f o r  E v a l u a t in g  t h e  
P e r f o r m a n c e  o f  R e p a ir  Sy s t e m s
Historically, there has been a lack of innovation in the field of localised failure repair 
(see Section 2.9). Changes in pipe repair practice have occurred as incremental steps. 
Although improvements to existing pipe repair clamps have been suggested (Tinne,
1990), the author has found no critical evaluation of current pipe repair practice or 
any fundamental review of repair technique performance parameters. In addition, 
there is no generic methodology for evaluating the performance of novel pipe repair 
systems. In this Chapter performance criteria for novel repair systems are defined 
and a generic test methodology is proposed.
Changes to pipe repair practice could reduce the financial and environmental impact 
associated with current repair techniques. Financially, a significant proportion of the 
cost of repair is attributed to the excavation and backfilling requirements. 
Excavations for distribution main repair typically have a surface area of 1 m2 or more 
and a depth of approximately 1 m (depending on the depth of the pipe). The reason 
for the relatively large excavation is twofold. Firstly, the current level of accuracy of 
pipe and leak location technology means that an excavation of this size is needed to 
find the failure. However, leak location techniques are continually improving (see 
Section 2.2.1) and may allow the use of smaller excavations in future. Secondly, 
once a failure has been exposed, the excavation must be large enough to allow man 
entry to facilitate the application of a repair clamp to the pipe.
Environmentally, the disposal of spoil to landfill and importation of new aggregate 
contributes to the volume of waste arisings, depletion of raw materials and energy 
use associated with handling and transportation. Even where recycling or reuse of 
spoil is carried out, energy input and some additional materials may still be required. 
Environmental taxes also contribute to the financial cost of excavations in the form 
of the landfill tax (Finance Act, 1996; The Landfill Tax (Qualifying Material) Order, 
1996), currently set at £2 per tonne of inert material, such as clay and bricks, and £12
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per tonne of active material, including black top (HMCE 2001a), and the aggregate 
tax, which will be introduced in April 2002 at a rate of £1.60 per tonne (HMCE 
2001b). There are also social aspects of pipeline repair. Traffic delays and 
disruption to other human activities may be incurred by the process of excavation and 
repair.
The financial, environmental and social impacts of pipe repair could be reduced by a 
decrease in the size of excavations or the time taken to carry them out. The use of 
smaller excavations in turn requires the development of pipeline repair systems that 
can be applied in limited access excavations. The financial and environmental issues 
associated with smaller excavations are considered again in Sections 3.1 (vii) and
3.2.3.
It has been suggested that current methods of pipe repair may contribute to 
subsequent failures (Goulter and Kazemi, 1988; WRc, 1994b). In Winnipeg, 
Canada, pipe failures have been found to be both spatially and temporally clustered 
(Goulter and Kazemi, 1988 and 1989; Goulter, 1990), and similar patterns have been 
observed in the UK (Roberts and Regan, 1974) and the USA (Andreou et al., 1987). 
Goulter and Kazemi (1988) suggest that physical disturbance of the pipe bedding in 
the vicinity of the first failure during the repair process is one of the possible causes 
of the dependency observed. WRc (1994b) suggest that pipe repair practices may 
contribute to subsequent failure events, including disturbance caused by the process 
of excavation. In addition to decreasing financial and environmental costs, it is 
possible that the use of smaller excavations could reduce the degree of physical 
disturbance around the pipe and hence decrease the contribution of the pipe repair 
process to future failures. Pipe failure clustering is considered again in Section 3.2.2.
Current UK pipeline repair system performance criteria are based on the design of 
existing proven repair clamps. There are three main documents relating to the 
performance requirements of repair systems for iron pipes in the UK water industry, 
all produced by WRc. The first report (McBride and De Rosa, 1989) provides a 
review of currently available mechanical connectors and repair clamps for all types 
of pipe material. A review of existing standards and specifications is presented and
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areas for specification test development are discussed. From this initial document 
more detailed test specifications for different applications have been produced, 
including Water Industry Specification (WIS) 4-21-02 (1994) for mechanical 
couplings and repair clamps for iron pipes, which is the second document of interest 
in this thesis. The third document relating to iron pipe repair systems is a discussion 
of the scope for technical improvement in repair clamps (Tinne, 1990).
Many of the performance criteria stated in the three documents cited above are 
considered by the author to be relevant to the development of novel repair systems. 
However, the criteria were developed in collaboration with existing repair system 
suppliers (McBride and De Rosa, 1989; WIS 4-21-02:1994) and as such are based on 
what is currently achieved rather than providing the best solution for a failed pipe. 
Current standards are also specific to mechanical clamps and provide no framework 
for innovative repair system design of a non-mechanical type. Therefore the author 
has determined to develop a performance specification based on pipe failure 
requirements that would be applicable to all types of distribution main repair system, 
and also to consider new performance criteria that have not been suggested 
elsewhere.
In this chapter a generic methodology for developing novel distribution main repair 
systems is presented. In Section 3.1 the current performance criteria for pipe repair 
systems for sealing circumferential fractures and small corrosion failures in cast iron 
distribution mains are discussed. Additional criteria that could be incorporated into 
the design of a novel repair system to enhance its performance are considered in 
Section 3.2. The current and new performance criteria are summarised in Table 3.1. 
A programme of testing to evaluate pipe repair performance is proposed in Section
3.3.
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3.1 Current performance criteria
Current performance criteria are defined here as those that are implicit in the design 
of existing repair clamps for sealing circumferential cracks and small corrosion holes 
in iron pipes. The criteria include both those which are explicitly specified in current 
water industry guidelines (McBride and De Rosa, 1989; WIS 4-21-02:1994) and 
those which the author has identified, for example, having a minimum financial cost. 
Overall, current performance criteria are identified as (i) watertight seal; (ii) strength;
(iii) crack bridging ability; (iv) minimum interruption to supply during application;
(v) minimal effect on water quality; (vi) durability; (vii) minimum financial cost. 
These are discussed in turn below.
(i) Watertight seal
The main objective of a repair system is to prevent further leakage by forming a 
watertight seal around a structural failure in a water main. Remaining watertight 
under various types of loading is one of the main performance requirements of 
current repair clamps (McBride and De Rosa, 1989; WIS 4-21-02:1994). A degree 
of dimensional tolerance is also necessary to account for the variations in pipe 
outside diameter and ovality found in buried distribution mains (McBride and De 
Rosa, 1989; Tinne, 1990; WIS 4-21-02:1994). One method of obtaining a watertight 
seal is to apply compression, through a mechanical device, to a non-adhesive seal. 
Current repair systems are of this type, and use a bolted metal clamp to apply 
compression to a non-adhesive elastomeric gasket (see Section 2.9). Alternatively, a 
repair system could be adhesively bonded to the failed section of pipe, with the 
bondline forming the watertight seal. The seal formed using either method should be 
capable of withstanding normal pipeline loading as discussed in (ii) below.
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(ii) Strength
An analysis of the loads applied to buried distribution mains has been addressed 
previously in Sections 2.6 to 2.8. A repair must be able to withstand the stresses 
induced by these types of loads. The author suggests that a novel repair system 
should be of similar strength to the pipe it is repairing so that the deliberate 
introduction of a relative weakness into the pipeline is avoided. A repair system that 
is significantly weaker than the main pipeline may fail under the same loads that 
caused the initial pipeline failure. A repair system with considerably greater strength 
than the pipeline will cause stress concentration in the pipeline material around the 
repair and could also result in further failure.
It is proposed by the author that research should be concentrated on repair systems 
that are of equivalent strength to the iron pipe being repaired under bending, shear, 
longitudinal and hoop stress. Current water industry guidelines specify tests for 
internal and external pressure, shear loading, angular deflection, and axial draw (WIS 
4-21-02:1994); these relate to hoop stress, shear, bending and longitudinal loading, 
respectively. However, it is unclear from the current water industry guidelines what 
the basis for the quantitative strength requirements for repair clamps are. The author 
has therefore chosen to base the strength requirements for novel repair systems on the 
iron pipe loading and strength properties discussed in Section 2.6 to 2.8 rather than 
on the quantitative strength parameters found in WIS 4-21-02 (1994).
The maximum bending strength for iron distribution mains is approximately 250 
MN/m2 (see Section 2.6.1). Corroded pipes may have a significantly lower failure 
strength (see Section 2.6.1) therefore it is proposed that pipe repair systems should 
have a bending strength of between 150 MN/m2 and 250 MN/m2. The minimum 
shear strength required of ductile iron pipe joints is 2.5 MN/m2 (BS EN 
545:1994)(see Section 2.6.2). Current repair clamp guidelines specify a strength 
under shear loading of (25 x DN), where DN is the nominal pipe size in millimetres. 
For 100 mm and 150 mm diameter pipelines this equates to stress values of 1.18 
MN/m2 and 1.21 MN/m2, respectively. The author has found no data available for 
the strength of iron pipe under shear loading. Therefore it is proposed that the higher 
value for shear loading applied to aspects of the pipe network i.e. that required of
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iron pipe joints, 2.5 MN/m2, is adopted for novel pipe repair systems in line with the 
requirement stated above that a repair system should be of similar strength to the pipe 
it is repairing. As this is significantly lower than the bending strength required, the 
value 2.5 MN/m2 is considered by the author to be the minimum shear strength value 
appropriate. The maximum longitudinal stress due to the combined effect of thermal 
loading and internal pressure at bends was calculated to be approximately 71 MN/m2 
(see Section 2.6.3). It is proposed that this is adopted as the minimum longitudinal 
strength for distribution main repair systems, in both tension and compression.
The internal test pressure currently required to be satisfied by pipe repair clamps is 
given by (1.5 x PN), where PN is the nominal pressure rating of the fitting. 
Maximum water pressure in the distribution network is approximately 800 kPa. 
Taking a standard nominal pressure rating (PN) of 16 bar i.e. 1600 kPa (twice the 
normal working pressure of a main), the maximum test pressure equates to 2400 kPa. 
It is proposed that this same standard is applied to all novel distribution main repair 
systems. Current repair systems are also required to be tested under negative 
pressure conditions. The same requirements as for current repair clamps will again 
be adopted, that of 80 kPa below atmospheric pressure (20 kPa below absolute 
pressure).
The stresses cited above as performance criteria for distribution main repair systems 
are all assuming a repair cross-sectional area equivalent to that of the pipe being 
repaired. A thicker or thinner repair wall thickness would result in a lesser or greater, 
respectively, required repair failure strength.
(iii) Crack bridging ability
Pipeline failure frequently results in gaps that must be bridged, particularly in the 
case of circumferential cracking and holes. Any pipe repair system must be capable 
of bridging the failure in order to prevent the escape of water. In Section 2.6, an 
average crack width of 2-3 mm for circumferential fractures was identified. It is 
proposed by the author that novel pipe repair systems should bridge a crack of this 
size as a minimum requirement.
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(iv) Interruption to supply
Pipeline failures and their subsequent repair may both result in disruption to the 
continuity of supply of water to customers. The length of the interruption to supply 
is primarily determined by the ease of application of the repair system. In the case of 
mechanical fittings this requires the use of the minimum number of loose 
components and the need for only basic tools to carry out the installation (McBride 
and De Rosa, 1989; Tinne, 1990). For other types of repair that may in future be 
effected by the use of adhesive watertight bonding (rather than mechanical 
compression), the interruption to supply may depend of the cure time of polymeric or 
cementitious components. For all repair types clear manufacturers’ instructions and 
adequate training of operatives are necessary (McBride and De Rosa, 1989; WIS 4- 
21-02:1994). The length of interruption to the supply of water may also be affected 
by the time taken to excavate, but this is only likely to apply in extreme cases where 
the volume of leaking water is large and the main has to be shut in prior to 
excavation; usually the main is shut in after excavation so that the source of the leak 
can be first accurately determined.
The UK water industry has agreed levels of service with regard to interruptions to the 
supply of water that must be adhered to. Interruptions to the supply of water lasting 
for longer than three hours must be reported annually to Ofwat (www.ofwat.gov.uk). 
In addition, for certain planned interruptions to the supply of water, customers must 
be notified in advance. For Thames Water, customers must be notified at least 48 
hours in advance of a planned pipeline shutdown causing an interruption to supply 
lasting for longer than four hours (Thames Water 2001). Similar levels of service 
have been agreed with Ofwat by other UK water companies (see, for example, 
Severn Trent Water (2001) and Yorkshire Water (2001)). Pipe repair is regarded as a 
planned interruption to supply when the leak has been identified by active leakage 
control (see Section 2.2.1). The emergency repair of visible burst mains is defined as 
unplanned work and advance notification is not required. Typically, pipe repair is 
carried out with an interruption to the supply of water of less than three hours to 
avoid the need to report the interruption to Ofwat or to notify customers in advance. 
Due to the constraints identified above, it is proposed by the author that an
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interruption to the supply of water of less than three hours should be adopted as the 
performance criterion for this work.
In practice, current repair clamps are usually applied with the main under low 
positive pressure. This is to maintain a slight flow of water from the failure and 
prevent contamination occurring by the ingress of external material. The application 
of the repair whilst a low positive pressure remains obviates the need to disinfect the 
main after repair. Repair clamps and any other equipment in contact with the failure 
are disinfected with chlorine before use. Customers may experience little or no 
pressure at their point of supply, depending on the topography, even though a low 
positive pressure is maintained at the point of repair. Hence, the repair process 
should be completed in under three hours to avoid inclusion in the annual reporting 
to Ofwat. Tinne (1990) suggests that application under pressure (be it minimal) 
should remain a criterion for pipe repair systems.
(v) Water quality approval
Materials in contact with potable water must be approved for use in accordance with 
the Water Supply (Water Quality) Regulations 1989. Regulation 25 (l)(b) details the 
requirements for materials with a small surface area in contact with potable water, as 
is the case for localised repairs. Such materials are tested according to BS6920:2000 
for taste, appearance, growth of micro-organisms, cytotoxicity and metals leaching. 
All materials and products that have been approved following testing are listed in the 
Water Fittings and Materials Directory, published bi-annually by the Water 
Regulations Advisory Scheme (WRAS).
(vi) Durability
Durability refers to the adequacy of a pipe repair system to maintain its strength and 
watertight seal over many years. In the case of a novel pipe repair system it is 
proposed by the author that a nominal design life of 20 years be assumed for the 
purposes of durability considerations; it is considered likely that within this time 
period a pipe that has failed once will require more substantial rehabilitation or 
replacement.
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Generally, fatigue and creep are the primary durability factors when considering the 
life of an engineering material or component (O’Connor, 1995; Roylance, 1996; 
Young et al., 1998). Fatigue and creep in the context of a pipe repair system are 
considered below in (a) and (b), respectively. Environmental factors may also be 
taken into account when considering durability. The materials selected for use in a 
repair system must be capable of resisting degradation over many years whilst buried 
underground. Concern has been expressed over the susceptibility to corrosion of the 
metal components of certain existing repair clamps (Tinne, 1990). Elastomeric seals 
in current clamps may also be prone to failure due to stress or environmental 
degradation (UKWIR, 1995). Environmental effects may be classified as physical, 
chemical and biological factors.
A component may be degraded physically by damage either during handling and 
installation (O’Connor, 1995; Young et al., 1998) or during use. Ingress of water 
may cause materials to swell, particularly in the case of polymers (O’Connor, 1995; 
Young et al., 1998), or may reduce the strength of the material over successive 
freeze/thaw cycles, particularly in cementitious materials (Young et al., 1998). 
Extreme temperature may cause materials to anneal (under high temperatures) or 
become embrittled (at low temperatures)(0’Connor, 1995). Any change in 
temperature from the time of installation will result in a thermal stress if the 
component is not free to move (Young et al., 1998). Solar radiation may cause 
damage, particularly to polymeric materials (O’Connor, 1995; Young et al., 1998).
Of the physical degradation factors cited above, the author considers that poor 
handling and installation, damage during service, and moisture ingress may all be 
applicable to pipe repair systems. These are discussed in more detail below in (c), 
(d) and (e), respectively. A buried underground asset such as a pipe repair system 
will not be exposed to extremes of temperature likely to cause annealment or 
embrittlement. Thermal stresses are unlikely to build up within the repair system 
due to the combination of the relatively small seasonal temperature variation and 
short length of a typical repair system. Temperature effects associated with the repair 
system will therefore not be considered further. However, thermal expansion and 
contraction of the pipeline itself may affect the performance of a repair system;
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longitudinal loading due to thermal effects is dealt with above in (ii). Solar radiation 
is not a degradation factor for buried underground assets, although care should be 
taken to store components appropriately prior to installation.
Most materials degrade in the presence of certain chemical conditions, which may be 
particular to the material in question. Biological attack may also contribute to the 
degradation of a component. Biological attack is not a factor that is usually 
considered in durability analysis, but has been a particular problem previously in the 
water industry in the case of elastomeric seals (WRc, 1978; Colboume, 1982). 
Although in most cases resistance to biological attack is unlikely to be an issue, it 
should nevertheless be included as a performance criterion. Chemical attack and 
biological attack may both be factors in the long-term performance of a pipe repair 
system and are considered further below in (f) and (g), respectively.
(vi)(a) Fatigue
Fatigue failure occurs due to the repeated application of loads at stresses smaller than 
the ultimate failure strength of the material under static loads (Timoshenko, 1956). 
Failure may occur either from a repetition of a particular loading cycle or from a 
random variation in stress (Young et al., 1998). In the case of water mains, the 
author suggests that repetitive or cyclic loading can include: seasonal temperature 
variation, giving rise to longitudinal loading from pipe material thermal effects (see 
Section 2.6.3) and variations to the bending stress due to changes to the surrounding 
soil (see Section 2.6.1.4); changes in soil moisture content, affecting the soil load on 
the pipe (see Section 2.6.1.4); pressure surges (McBride and De Rosa, 1989), 
resulting in changes in hoop stress (see Section 2.7) and longitudinal loading at bends 
(see Section 2.6.3); and traffic loading, also affecting pipe bending stresses (see 
Section 2.6.1.4). Other types of loading discussed in Chapter 2 are considered 
unlikely by the author to occur in a repeated mode.
Fatigue failure involves two basic phases: crack initiation and crack propagation 
(Young et al., 1998). Crack initiation usually occurs at a point of stress 
concentration or inherent weakness in the material (Timoshenko, 1956; Young et al., 
1998). Crack propagation then occurs at each cycle of increased shear or tensile
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loading. It should be noted that fatigue does not occur under cyclic compressive 
loading as this tends to close the initial crack rather than cause it to propagate (Young 
et al., 1998). Hence, in the case of water pipeline loading, the compression cycles of 
thermal loading (generally the summer season) and the compressive portion of 
induced bending stress will not contribute to fatigue failure.
Environmental factors may influence the fatigue behaviour for a given pipeline and 
loading scenario. The two main environmental conditions taken into account when 
considering fatigue are temperature and corrosion (Timoshenko, 1956; Duggan and 
Byrne, 1977; Young et al., 1998). Fatigue strength is known to decrease as 
temperature increases (Timoshenko, 1956; Duggan and Byrne, 1977), although the 
effect is small below the temperature at which creep is significant for a particular 
material (see (b) below)(Young et al., 1998). Corrosion or chemical attack of a 
material is know to decrease its resistance to fatigue loading (Timoshenko, 1956; 
Duggan and Byrne, 1977; Young et al., 1998). Corrosion fatigue is considered to be 
more damaging than the sum of fatigue and corrosion action taken separately (Young 
et al., 1998).
(vi)(b) Creep
Creep is the time-dependent strain which occurs when a material is subjected to a 
constant stress for a prolonged period of time (Pomeroy, 1978; John, 1992). Creep 
may occur in all of the types of material that may conceivably be used in a repair 
system, including cementitious materials, metals and polymers. Creep in 
cementitious materials is dependent on the temperature and moisture content, in 
addition to the applied stress (Illston, 1978; Young et a l, 1998). Contact with the 
interior of the pipe will result in a stable moisture content from the water being 
carried. Materials exposed to the surrounding soil may absorb or desorb water whilst 
under load due to changes in the soil moisture content. Both external and internal 
pipe environments may have changes in temperature. Therefore, repair systems with 
cementitious components should be exposed to varying moisture and temperature 
situations when tested for creep.
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Metals creep only at temperatures above about 0.3Tm, where Tm is the absolute 
melting temperature in Kelvin (Young et al., 1998). At temperatures above 
approximately 0.5Tm creep may become critical and result in rupture during the 
service life of the material (John, 1992; Young et al., 1998). The most likely metal 
to be used in the construction of a pipe repair system is iron or steel. The value of 
0.5Tm for iron is over 600°C (Lide, 2000), which is outside normal atmospheric 
temperature variation. Other metallic materials have lower values of 0.5Tm. For 
example, 0.5Tm for aluminium is 194°C, which is still well outside the range of 
normal atmospheric temperature variation. However, 0.3Tm (the approximate 
temperature at which creep commences) for aluminium is 7°C. This is within the 
range of normal UK atmospheric temperature variation and means that some degree 
of creep may occur in aluminium components of pipe repair systems. Polymeric 
materials creep at virtually all normal service temperatures due to their low melting 
points (Young et al., 1998).
In a pipe repair system the occurrence of creep is not in itself a problem as the 
elongation of part of the repair system will not necessarily result in any reduction in 
performance. However, creep of one or more components of a repair system may 
result in a decrease in the level of compliance with other performance criteria. For 
example, elongation of part of a repair system may affect the ability to maintain a 
watertight seal, or may reduce the wall thickness of the system and decrease the 
ultimate failure strength.
(vi)(c) Poor handling and installation
Damage sustained prior to use may affect the durability of a material or component. 
The author suggests that pipe repair systems should be designed and constructed to 
be robust in nature and to resist the occurrence of damage during transportation, 
storage and installation. Where there are likely to be weaknesses that could be 
instilled by poor handling and installation it may be necessary to produce protective 
packaging and give specific training to operatives.
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(vi)(d) Accidental damage
During re-excavation or nearby excavation by other utilities, it is possible that a 
repair system may be damaged. The damage sustained may vary from light 
scratching to catastrophic impact damage. Any form of scratch to a repair system 
will cause a weakness which may become the point of failure for other types of 
loading such as traffic or surge pressures. Measures to negate the occurrence of 
damage during the use phase of a pipe repair system are predominantly of a strategic 
nature, for example, requiring collaboration between different utilities and ensuring 
good records of the pipe network are kept, and are beyond the scope of this 
investigation. However, it is important that pipe repair systems are designed to be as 
robust as possible and to be resistant to impact damage.
(vi)(e) Moisture
A pipe repair system will be in constant contact with water on the interior and may 
experience moisture on the exterior, depending on the moisture content of the 
surrounding soil. Moisture is known to affect materials in different ways, depending 
on their type, but has a degrading effect on performance in most cases.
In metals, moisture acts as an electrolyte and promotes corrosion (Butler and Ison, 
1966; De Rosa and Parkinson, 1986). In particular, repair system materials may be 
chosen so as not to introduce a risk of bimetallic corrosion (WIS 4-21-02:1994), 
where either degradation of the repair system or further corrosion of the pipe will 
occur (depending on which metal is higher in the galvanic series). Metallic fittings 
should be protected against corrosion (WIS 4-21-02:1994). It may be possible to 
coat a repair system so that any metal elements are protected from the corrosive 
effect of water, as is currently done with repair clamps and other pipe fittings. 
However, it is important that the coating is applied correctly and is not damaged 
during the installation process (Tinne, 1990).
In the case of polymers, the presence of moisture may cause swelling (Greenwood, 
1997; Young et al., 1998), chemical changes at the material’s surface (Greenwood, 
1997) and leaching of some soluble products (Young et a l, 1998; Billingham, 2000). 
The secondary effects of degradation by moisture include a reduction in strength, a
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reduction in rigidity and increased permeability (Greenwood, 1997), thereby 
reducing the compliance with the other performance criteria discussed above (see 
Table 3.1).
For cementitious materials, contact with water will not necessarily cause any direct 
degradation. However, water entering and flowing through a cementitious material 
may take with it aggressive agents that effect damage (Young et al., 1998). The 
degree of permeability of a cementitious structure is therefore important and is 
measured by the permeability coefficient, kp, determined by Darcy’s law as:
dq Ah
- f  = kp — A C3-1)dt y x
where dq/dt = the rate of flow
kp = permeability coefficient 
Ah = the pressure head of the fluid 
x = the thickness through which the flow occurs 
A = cross-sectional area
Cementitious materials are also highly susceptible to freeze-thaw cycle damage 
(Young et al., 1998) where water penetrates into the pores in the material and 
expands as the temperature decreases. This is unlikely to occur in the case of a UK 
pipe repair system as the temperature at pipe depth does not reach low enough values 
for water to freeze.
(vi)(f) Chemical attack
The range of soils and backfill materials that may be located in the vicinity of buried 
distribution mains vary in chemical properties. Aggressive chemicals from other 
sources, such as road de-icing salts and fuel spills, may also permeate through the 
soil to the pipeline. The author suggests that a repair system should therefore be 
resistant to degradation from acidic and basic environments, and contaminants such 
as hydrocarbons. A repair system must also remain unaffected by the presence of 
chlorine in the water being carried by the pipeline.
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Gementitious materials are prone to degradation under alkali-aggregate attack, 
sulphate attack and acid attack (Young et al., 1998). Alkali-aggregate attack takes 
the form of degradation of the aggregate component of the material by reaction with 
the alkali either in the cement itself or from outside sources, such as de-icing salts. 
Sulphate attack results from penetration of sulphate ions from water surrounding the 
pipeline. A series of chemical reactions occur within the concrete, resulting in 
volume expansion and an associated increase in internal stress and cracking. Acid 
attack causes the cementitious material to dissolve. Acid may come from polluting 
sources, such as industrial wastes, or may be present in some natural waters. It may 
be necessary to protect the cementitious components of a repair system if chemical 
attack are considered likely to occur. Changes may also be made to the composition 
of the material if particular types of chemical attack are predicted, for example, 
alkali-aggregate reaction may be reduced by the inclusion of a pozzolan in the 
concrete (Young et al., 1998).
Polymeric materials may also be subject to chemical attack. Some polymers, 
particularly thermoplastics, are sensitive to organic fluids (fuels and solvents) and 
contact may result in softening and swelling (Young et al., 1998). Environmental 
stress cracking can also occur. Failure due to environmental stress cracking is caused 
by chemical attack whilst the material is under load. It may occur even when the 
volume of attacking chemical is low (Greenwood, 1997). Oxidation of polymers 
leads to loss of the mechanical properties of the material, for example, toughness, 
impact strength, elongation to break and flexural strength (Billingham, 2000). 
Polymers may also become embrittled at low levels of oxidation (Billingham, 2000).
(vi)(g) Biological attack
Biological attack is the degradation of a material by agents such as bacteria and 
fungi. High molecular weight polymers are not usually attacked by microbiological 
agents (Greenwood, 1997). Significant biological attack may occur on certain 
polyurethanes and on some low molecular weight additives, such as those found in 
PVC (Brown, 1988; Greenwood, 1997). Polymeric materials already used in the 
water industry in other applications have been susceptible to biodegradation, for 
example, fungal growths on a polyurethane jointing compound are reported in
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Taylor, 1970). In the case of metals, sulphate-reducing bacteria found in near­
neutral, anaerobic soil conditions are known to promote corrosion of iron 
components (De Rosa and Parkinson, 1986; Costerton and Boivin 1987; Marchal and 
Poirier, 1992; Nielsen, 1996).
(vii) Minimum financial cost
The financial cost of an operation is of considerable importance to a water company 
and any opportunity to make cost savings is sought. With regard to the process of 
leak repair, the cost of a current distribution main repair clamp is of the order of £15- 
£50 (depending on the size of pipe and design of clamp). However, the wider costs 
of the process of leak repair are significantly greater, including the labour and plant 
requirements, the disposal of spoil removed from the excavation and the 
reinstatement costs. When evaluating the cost of a novel repair system it is important 
that the excavation requirements are taken into account in addition to the cost of the 
repair product. Improvements in repair technique to allow swifter application may 
also result in financial savings in terms of staff costs.
3.2 New performance criteria
It is proposed that novel distribution main repair techniques should take into account 
current pipe failure knowledge and environmental concerns. Innovative performance 
criteria not present in current repair clamps are discussed in this Section. There are 
three new performance criteria which are proposed by the author to bring 
improvements in the field of pipe repair (see Table 3.1). These are (i) versatility; (ii) 
flexibility; and (iii) reduction in environmental impact. Versatility refers to the 
ability of a single repair system to fit a number of failure types and sizes. The 
possibility of introducing flexibility into a repair system is investigated. Reductions 
in environmental impact could be considered and incorporated into the process of 
pipe repair where financially viable. These three new performance criteria are 
discussed in turn below.
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3.2.1 Versatility
Current repair clamps are designed and manufactured to fit a pipeline of a specific 
nominal diameter. Pipe repair personnel are required to have a complement of 
different sized repair clamps at their disposal to permit the repair of any diameter 
pipeline. For a given nominal diameter most current repair clamps have a tolerance 
of approximately ±10 mm (Tinne, 1990) to cope with the variation in size found in 
cast iron pipes. It would be advantageous if the degree of tolerance could be 
extended to include a greater range of pipe diameters (Tinne, 1990). A selection of 
repair techniques are also currently required to account for different types of failure. 
For example, circumferential cracks are repaired using split sleeve or wraparound 
clamps, whereas specialist joint repair clamps are manufactured for repairing leaking 
joint seals (WRc, 1994g). A single versatile novel repair system could be applicable 
to a range of pipe failure types as well as pipe diameters. Improvements in 
distribution main repair system versatility would reduce the need for pipe repair 
personnel to be equipped with a variety of devices.
3.2.2 Flexibility
Flexibility refers to the ability of a pipeline to displace under load without failure. 
Needham and Howe (1982) and Versanne (1987) suggest that pipeline flexibility 
may be beneficial in reducing the propensity to failure of a pipeline. Flexibility 
could be achieved by using a flexible pipe material (Needham and Howe, 1982), such 
as MDPE, or by ensuring that pipeline joints allow movement between adjoining 
sections of rigid pipe (Ministry of Health, 1950; Versanne, 1987). The design of 
pipeline joints has been developed over time from rigid structures such as those with 
lead run seals, to semi-flexible joints sealed with rubber and other elastomers (see 
Section 2.5). Limited longitudinal and angular displacement are permitted by semi- 
flexible joints. In addition to joints, elastomer-sealed repair clamps are also 
considered to add flexibility to rigid iron pipelines (Goldsborough, 1952).
However, the author suggests that pipeline repair devices that allow flexibility only 
offer benefits in certain cases. Three pipeline loading scenarios have been 
considered: longitudinal tension and compression; shear; and bending. Firstly, in 
longitudinal loading a flexible repair may only offer benefits in some situations.
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Theoretically, flexibility of pipe fittings in the longitudinal direction would allow 
pipeline movement under axial loading, such as thermal effects (Figure 3.1). For 
example, in an investigation of pipe failure clustering patterns that found that 
pipeline failures often occur close together both spatially and temporally, one of the 
proposed causes of failure was temperature effects due to exposure of the pipe during 
extremes of weather (Goulter and Kazemi, 1988; 1989). In practice, a pipe may be 
restrained longitudinally by the surrounding fill but it is anticipated that the soil 
around a pipe will move over time to allow a pipe to respond to thermal effects. 
Therefore, repair flexibility in the longitudinal direction may be beneficial.
Secondly, flexibility under shear loading (Figure 3.2) is unlikely to be of benefit in 
the UK where the majority of pipeline failures are attributed to bending or thermal 
effects (see Section 2.6). However, repair systems with flexibility in shear may be 
advantageous in situations where earthquakes or landslides are expected.
Thirdly, flexibility in bending (Figure 3.3) has been investigated by the author and 
has not been found to be beneficial. A theoretical examination has been carried out 
to assess the effect of repair flexibility on pipeline bending stress. Two extreme 
cases are compared, ultimate rigidity and infinite flexibility. Ultimate repair rigidity 
is modelled by a continuous length of unbroken pipeline (Figure 3.4). Infinite 
flexibility is modelled by a pipeline with an un-repaired fully circumferential fracture 
(Figure 3.5). The theory of beams on elastic foundations (see Section 2.6.1) is used 
to analyse pipeline bending moments for rigid and flexible repair scenarios. The 
discrete Winkler approach is adopted. More accurate solutions could be achieved in 
future by further analysis using continuous foundation models (see Section 2.6.1). 
The detailed analysis is presented in Appendix B.
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Figure 3.1 Flexibility in longitudinal loading
Figure 3.2 Flexibility in shear
C
Figure 3.3 Flexibility in bending
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(a)
(b)
Figure 3.4 Ultimate repair rigidity (a) modelled by a continuous unbroken
pipeline (b)
(a)
(b)
Figure 3.5 Infinite repair flexibility (a) modelled by a full circumferential
fracture (b)
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In general, structures are analysed under two main theoretical types of load, namely 
point loads and uniformly distributed loads. In practice, at the pipe surface loads are 
likely to be distributed non-uniformly due to the load-spreading effects of the 
surrounding soil (see Section 2.6.1.4). However, the uniform loading scenarios 
considered below give an indication of the bending moments induced in a pipeline 
with both rigid and flexible repair devices. In the cases considered below, the pipe 
has been assumed to have failed and been repaired at the point of maximum bending 
moment which had existed in the pipe in its unbroken state.
The bending moment distributions for the rigid and flexible pipe repair techniques 
subjected to a 1 kN point load are compared in Figure 3.6. It can be seen that for the 
rigid repair case, a sagging moment is induced at the centre span. Moving along the 
beam from the centre, the magnitude of the bending moment reduces and changes 
between hogging and sagging. For the flexible repair case, the bending moment at 
the centre is zero but, moving along the beam, this increases steeply to a maximum 
hogging moment with a magnitude slightly greater than the maximum sagging 
moment for the rigid repair component. Therefore, it can be concluded that there is 
no discernible advantage in using flexible over rigid repair devices for pipelines 
under point loading.
The bending moment distributions for rigid and flexible pipe repair techniques 
subjected to a uniformly distributed load are compared in Figure 3.7. A uniformly 
distributed load of 0.5 kN/m applied over 20 m is used in the evaluation. This 
equates to a total load of 1 kN, the same as was used for the point load scenario. It 
has been assumed that the pipe has failed at 10.7 m along the span, one of the points 
of maximum bending moment. From Figure 3.7 it can be seen that following repair, 
a flexible repair system results in an increase in the magnitude of the maximum 
hogging bending moment on the section of failed pipe to the left of the failure. On 
the right section of failed pipe, upon which the greater proportion of load is now 
acting, the bending moment close to the point of failure is reduced but the stress 
further along the pipe is similar to the original values. Overall, for a pipeline under 
uniformly distributed loading the installation of a flexible rather than rigid repair may
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increase the magnitude of the bending moments in some locations and reduce them 
in others.
In summary, there is no net reduction in the bending stress induced in a pipeline 
effected by the installation of flexible instead of rigid repair devices. There may 
even be disadvantageous increases in bending moment at some locations when a 
flexible repair is used. However, flexibility in the longitudinal direction may be of 
merit in situations where longitudinal movement under thermal loading can occur. 
Flexibility may also be advantageous where ground movements due to earthquakes 
or landslips are expected. The advantages likely to be gained by introducing a degree 
of flexibility into a pipeline subject to thermal or shear loading are considered by the 
author sufficient to pursue flexibility as a desired pipeline performance criteria.
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3.2.3 Reduction in environmental impact
In a review of pipe repair practice and innovation over the past century (see Section 
2.9) the author found no evidence that consideration had been given to environmental 
factors when improving the process of pipe repair. Industry in general is increasingly 
more aware of its responsibility towards environmental stewardship and evaluates the 
environmental impact of many activities. The reduction in environmental impact of 
a novel repair system when compared to existing methods can be assessed by 
evaluating the whole life costs of the systems. This includes the procurement of raw 
materials, manufacture of components, excavation, repair process and reinstatement.
In particular, the use of smaller excavations in the process of pipe repair was 
identified in Section 3.1 as having financial, environmental and other social 
advantages. The disposal of excavated material and importation of new aggregate 
are current environmental issues for the UK water industry. However, existing pipe 
repair clamps require hands-on access to the pipe. The use of smaller excavations 
would prevent such access and require the repair to be effected from the ground 
surface. Therefore, research is required into new or modified repair techniques that 
can be applied without hands-on access to the pipe, in order to facilitate the use of 
small excavations. Longitudinal failures are likely to continue to require the cutting 
out and replacement of the section of damaged pipe due to the difficulty in 
identifying the end of a microcrack. However, circumferential, small corrosion and 
joint failures are candidates for research into improved methods of localised repair 
for application in limited access excavations.
The materials used within a repair system may also give cost and environmental 
benefits when compared to existing clamps. This could be achieved in two ways. 
Firstly the volume of the materials used could be reduced. This would result in a 
proportional reduction in the financial and environmental cost of production of the 
raw materials. However, any consequential negative changes to the manufacturing 
system due to the miniaturisation of the repair component, such as the requirement 
for higher precision machinery, should be taken into account. Secondly, the raw 
materials used in the repair system could be changed to allow cheaper products or 
those with less environmental impact to be employed. Again, alterations to the
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manufacturing system as a result of the change in raw materials may themselves have 
financial and environmental impacts which require consideration.
3.3 Generic test methodology
There is no existing generic methodology for testing the performance of water pipe 
repair systems. A general water industry specification for fittings and repair clamps 
for iron pipes (WIS 4-21-02, 1994) suggests that the short-term properties of the 
product should be assessed through testing of the resistance to internal (positive and 
negative) pressure, shear, axial draw and angular deflection. These parameters are 
reflected in the current performance criteria discussed in Section 3.1. Long-term 
properties are tested only by monitoring the relaxation of the bolts on the clamp over 
time (WIS 4-21-02, 1994), hence giving an indirect indication of the relaxation of the 
gasket within the fitting. Durability testing in the form of long-term pressure testing 
and cyclic fatigue testing are recommended for mechanical couplings and repair 
clamps for plastic pipelines (WIS 4-24-01, 1998). Specific tests designed to measure 
the performance of a component of current repair clamps, such as the elastomeric 
seal (UKWIR, 1995) or the bolts (WIS 4-21-02, 1994), would not be applicable for a 
novel repair system that did not incorporate these components. However the short­
term loading tests for iron pipe fittings and long-term tests suggested for plastic 
pipelines are adapted below to form the basis of a more comprehensive test regime 
for all types of novel pipe repair system.
A series of tests are proposed by the author to measure the compliance of a novel 
repair system against the performance criteria determined in Sections 3.1 and 3.2. 
Short-term tests are suggested to determine the ability of the repair system to 
maintain a watertight seal and resist bending, shear, longitudinal tension/compression 
and internal (positive and negative) water pressure loadings. The crack bridging 
ability of the repair system can be determined during these tests. An initial 
assessment of the likely interruption to the supply of water to customers could also 
be made during initial strength testing. Field trials may then be required to facilitate 
a full assessment of the likely interruption to supply due to the importance of field 
criteria in the time calculation. During the initial stages of testing it is important that
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the effect on water quality of the materials used in the construction of the repair 
system is assessed.
Once a repair system has been found to perform adequately in the short-term, 
durability tests may be carried out. These include creep and fatigue tests, subjection 
to forms of environmental factors likely to cause degradation, and consideration of 
the performance of the product when damaged during handling, installation and by 
third parties. A repair system found to be successful in both short and long term tests 
for a particular pipe size and failure type could then be tested on a variety of pipeline 
diameters and types of failure to assess the versatility of the system. Finally, the 
financial and environmental costs of installing the repair system can be calculated 
and compared with other types of pipeline repair. Failure of a repair system at a 
certain stage of testing may require modification and re-testing rather than 
abandonment. Each of the stages of testing are considered in more detail below.
3.3.1 Internal (positive) pressure test
Subjecting a repaired section of pipeline to an internal pressure test is fundamental to 
assessing both the watertightness and resistance to positive internal pressure of a pipe 
repair system. It should be noted that these two parameters are different. A repair 
system may be resistant to internal pressure without catastrophic failure whilst not 
maintaining a completely water tight seal, either due to porosity of the materials 
being used or due to small structural failures that remain stable without propagation.
It is proposed that resistance to positive internal pressure may be tested by full-scale 
hydrostatic testing of repaired pipe sections. Increasing pressure can be monitored 
by a calibrated pressure gauge. It is proposed by the author that a universal 
maximum test pressure of 2400 kPa (see Table 3.1) should be used to test all novel 
distribution main repair systems.
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3.3.2 Strength tests
A pipe repair system should have adequate strength to withstand the same loading as 
the pipeline it is applied to (see Section 2.1.2) in bending, shear, longitudinal tension 
and compression and negative pressure; positive internal pressure has been dealt with 
in Section 3.3.1. It is proposed that the repair system be tested in conjunction with 
the pipeline as the repair/pipe interaction is likely to be of importance. The four 
loading scenarios (bending, shear, longitudinal tension/compression and negative 
pressure) are dealt with in turn.
(i) Bending
Sections of pipe are typically tested in bending by supporting the pipe on two rocker 
supports and loading the top of the pipe by means of one or more knife-edges 
(Brennan, 1978; Conlin and Baker, 1991; Atkinson et al., 2001)(see Figure 3.8). In 
four-point loading, there is no shear force over the central section of the pipe between 
the two top loading points (Figure 3.8(b)). Therefore, provided that the pipe fails 
within the central section, the failure will be in bending rather than in shear. The 
bending moment is constant across the central section and does not have to be 
calculated as a function of the location of the failure point. It is proposed that four- 
point bending is used to assess the strength in bending of pipe repair products.
During testing the dimensions of the repaired section of pipe and the failure load can 
be recorded. The failure stress in bending is then calculated by applying:
My_
I
(3.2)
where ob = maximum bending stress
W ( L - x )  .
M  = -----  = maximum applied bending moment
W= applied load (over two rockers)
L = beam length between supports (see Figure 3.8) 
x = distance between loading points (see Figure 3.8)
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y  = — = distance from neutral axis to point of maximum stress 
D = repair system original external diameter
n ( P 4 - d A)
= second moment of area
64
d = repair system original internal diameter
(ii) Shear
A similar experimental procedure to that proposed for bend testing may be used to 
assess the shear strength of a section of pipe. When a pipe is loaded in three-point 
bending there is no region of zero shear (Figure 3.8(a)). The bending moment 
induced in a pipe increases in proportional to the span for a given load, whereas the 
shear force is independent of span. Therefore, to assess the shear strength of repaired 
pipe, three-point loading with a short span may be used to induce shear failure before 
failure in bending occurs. Davis et al., (1964) recommend that a span of less than 6h, 
where h is the depth of the beam, is used to ensure that a sample fails in shear rather 
than in bending. It should be noted that the span should be long enough to ensure 
that the repaired section is fully incorporated between the two outside supports to 
reduce the risk of failure due to crushing rather than shear. The failure stress in shear 
is calculated by applying:
S (3.3)
where os = shear failure stress 
S = applied shear load 
R = repair system original external radius 
r = repair system original internal radius
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(a) Three-point bending (b) Four-point bending
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Figure 3.8 Shear force and bending moment diagrams for three- and four-point
bending
(iii) Longitudinal tension and compression
Tensile testing of metals and thermoplastic materials is usually carried out by 
applying axial load to a component by a standard tensile testing machine (see, for 
example, John, 1992). In the case of brittle materials, such as ceramics, glasses and 
rigid thermoset polymers, indirect tensile testing may be carried out due to the 
difficulties in preparing and effectively holding suitable samples in a tensile testing 
machine. Brittle materials usually have a tensile strength significantly lower than the
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compressive strength. Therefore the load can be applied in a way that induces both 
tensile and compressive stress in the sample with the assumption that failure in 
tension will occur first. Examples of indirect test methods are the three point bend 
test and the split cylinder test (John, 1992). However, in the case of distribution 
main repair systems it is proposed that tensile testing should be carried out in direct 
tension, whatever the main material of the repair system. This is because 
measurement of the axial deflection before failure is an important part of assessing 
the longitudinal flexibility of the system and this could not be determined from 
indirect tensile testing.
Specially designed clamps may be required to secure repaired pipe samples in a 
tensile test machine. It is important that the introduction of a weakness into the pipe 
section at the point of fixing is avoided; stress concentrations may be avoided by 
reinforcing the fixing area. The sample should be supported in a way such that no 
eccentricity develops during loading.
For compressive testing, a short length of repaired pipe may be used to avoid failure 
in buckling rather than in compression; the length should be not greater than three 
times the diameter (John, 1992). Testing is carried out in a standard compressive 
testing machine with appropriate platens at the interfaces between the sample and the 
machine. Failure usually takes the form of a double cone or shear type failure (John, 
1992). It should be noted that although the load applied to the sample as a whole is 
compressive, the final rupture is caused by tensile failure of the outermost fibres of 
the material as the sample deforms under the loading. However, this still represents 
the likely mode of a failure of a repaired pipe section under compressive loading in 
the field.
The failure strength of a repaired pipe section tested in longitudinal tension or 
compression is given by:
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where c L = longitudinal failure stress
L = applied longitudinal load (tensile or compressive)
R = repair system original external radius 
r = repair system original internal radius
(iv) Negative pressure
It is proposed that the procedure described in WIS 4-21-02 (1994) for the assessment 
of repair clamp performance under negative pressure is adopted for all types of pipe 
repair system. The repair/pipe assembly is connected to a suitable vacuum device 
and the system evacuated to 80 kPa below atmosphere (see Table 3.1). The success 
of the test is determined by the maintenance of the vacuum without a loss of pressure 
indicative of a leak from the repair system.
3.3.3 Crack bridging ability and interruption to the supply o f water
During the pressure, bending, shear and longitudinal strength tests the crack bridging 
ability of the pipe repair system may be assessed. A pipe repair system should bridge 
the failure both during and after application. There should be no ingress of material 
into the failure, including under negative pressure conditions which may occasionally 
occur within water distribution systems.
An initial assessment of the interruption to the supply of water to customers may also 
be made during strength testing. The type of repair will determine whether it may be 
applied under pressure. Should a reduction in pressure be required the time taken to 
apply the repair may be monitored to allow an assessment of the likely interruption to 
customers to be determined. If the interruption to supply required is greater than that 
currently agreed with Ofwat then modifications can be made or the repair system 
abandoned completely.
3.3.4 Water quality
Materials in contact with potable water must be approved in accordance with the 
Water Supply (Water Quality) Regulations 1989. The requirements for localised 
repairs, which have a small surface area in contact with potable water, are detailed in
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Regulation 25 (l)(b). Localised repairs are not required to undergo such stringent 
testing as that needed for materials with a large surface area in contact with potable 
water, such as those used to construct pipes and service reservoirs. The basic testing 
required to fulfil Regulation 25 (l)(b) is described in BS6920:2000. The product or 
material to be tested must be sent to a WRAS approved laboratory for taste, 
appearance, growth of micro-organisms, cytotoxicity and metals leaching testing. 
The laboratory reports from this testing are then submitted for approval to the 
Drinking Water Inspectorate Committee on Products and Processes for Use in Public 
Water Supply. Additional tests may be requested by the Committee if concern exists 
in certain areas. Once the committee are satisfied that the product or material does 
not present a risk to water quality when used in small surface area applications it may 
be approved for use and details published in the Water Fittings and Materials 
Directory (see, for example, WRAS, 2001).
3.3.5 Durability
Pipe repair systems that successfully fulfil short-term performance criteria may be 
tested for long-term durability. Durability testing encompasses a wide range of 
possible factors, in particular fatigue, creep, poor handling and installation, 
accidental damage, moisture, chemical attack and biological attack (see section 
3.1(vi)). It is proposed that fatigue and creep testing are taken as the main durability 
measures; fatigue and creep testing are described in (a) and (b) below, respectively. 
During fatigue and creep testing, environmental factors i.e. moisture, chemical attack 
and biological attack, will also be tested; environmental testing is considered further 
in (c). Poor handling and installation and accidental damage are discussed further in
(d) and (e) below.
(a) Fatigue
Fatigue is usually tested under conditions of uniaxial stress (Timoshenko, 1956). 
Laboratory fatigue testing of small material samples is typically carried out in 
bending, tension or compression (Young et al., 1998). Specific fatigue testing 
machines are required due to the number of loading cycles per second usually applied 
(Young et al., 1998). In order to fully define the fatigue performance of a material, a 
number of similar testes are carried out, each with a different cyclic stress amplitude,
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S. The number of loading cycles to failure, N, is determined in each case. An S-N 
curve can then be plotted for the material to define its performance under various 
fatigue loading scenarios (Timoshenko, 1956; Duggan and Byrne, 1977; Roylance, 
1996; Young et al., 1998). Full-scale fatigue testing of components is also carried 
out, either by modifying laboratory testing machines or by the use of full-scale servo- 
hydraulic testing equipment (Marsh, 1988). Full-scale fatigue testing is particularly 
important where joints or component geometry dictate the failure strength. This 
holds true for repaired pipe sections, as the strength of the repair/pipe bond is of 
interest.
Full-scale fatigue testing of mechanical fittings for polyethylene pipes is described in 
WIS 4-24-01 (1998). Repaired sections are pressurised internally and the pressure is 
then cycled from 0 to 80% of the maximum pressure rating. The test specimens must 
withstand either 4 x 104 cycles at 80°C or 25 x 104 cycles at 60°C. No other types of 
fatigue testing are currently recommended for fittings for iron pipe (WIS 4-21- 
02:1994) or for polyethylene pipe (WIS 4-24-01:1998). For the present work it is 
proposed that the fatigue test described in WIS 4-24-01 (1998) for mechanical 
fittings for polyethylene pipe is also applied to repair systems for iron pipe. In 
future, other methods of full-scale fatigue testing such as direct tension or bending 
could also be applied, but further work is required to assess their usefulness.
(b) Creep
Creep testing is typically carried out by applying a fixed tensile load to a sample and 
plotting the extension as a function of time (John, 1992). Three stages of creep are 
usually recognised: stage 1 in which initial yielding is fairly rapid; stage 2 in which a 
constant rate of extension is observed; and stage 3 where rapid yielding is followed 
by failure (John, 1992; Young et al., 1998). In the case of a distribution main repair 
system, the occurrence of creep is not in itself necessarily important (see Section 3.1 
(iv)(b)) but the effect of creep on other performance criteria may be investigated. 
This requires that the pipe repair system is tested as part of the pipeline, so that the 
effect of creep of the repair system on the overall pipeline strength and the ability to 
sustain a watertight seal can be determined. In particular, the point of rupture under 
creep loading is important in the case of a distribution main repair system.
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Creep testing is primarily carried out under tensile loading (John, 1992). Standard 
test methods are prescribed for different material types, for example creep testing of 
metals in tension (BS EN 10291:2000), plastics in tension (BS EN ISO 899-1:1996) 
and in bending (BS EN ISO 899-2:1997), and resins and polymer/cement mortars in 
tension and compression (BS 6319:Partl 1:1993). None of these test methods are 
appropriate in the case of a pipe repair system as they are used for the creep testing of 
a single material, using small samples, rather than a repair system that may consist of 
more than one component material. However, the general principles of creep testing 
described in the test standards for individual materials, such as test mode and 
environmental conditions, may be applied to the testing of pipe repair systems.
It is proposed that a fully circumferentially repaired pipe be tested under longitudinal 
tension. Any detrimental effects on repair system performance may be determined, 
prior to recording the final time to rupture. The fixed tensile load should be set at a 
value below the failure load determined previously under strength testing. Various 
loads could be used in the testing programme to allow data to be plotted graphically 
and then extrapolated, as the long timescales required for creep testing may not 
permit adequate testing to rupture at low loads. Elevated environmental temperatures 
could also be used to speed up the creep test procedure, provided that the data could 
be interpreted from the perspective of the ambient pipe temperature conditions.
(c) Environmental testing
A programme of fatigue and creep testing would normally attempt to define the 
performance of a material under a wide range of environmental circumstances. 
However, the information required by the author is specific to one application with 
known variables rather than for a general material performance specification. The 
environmental factors most likely to affect the performance of a pipe repair system 
were determined in Section 3.1(vi) as moisture, chemical attack and biological 
attack. McBride and De Rosa (1989) recommend that the assessment of durability for 
a particular repair system should depend on the construction materials and their 
susceptibilities. For example, polymeric materials are prone to degradation by 
oxidation and embrittlement, whilst metals degrade primarily by corrosion (McBride 
and De Rosa, 1989). The author proposes that a novel repair system should be tested
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for degradation by all three suggested environmental factors (moisture, chemical 
attack and biological attack) but that particular attention should be paid to the known 
susceptibilities of particular materials.
Environmental weathering of materials may be carried out by natural exposure or by 
accelerated testing in artificial light and moisture conditions (see, for example, ISO 
4892-1:1999). Artificial weathering may be used to create varying heat/cool and 
wet/dry cycles. Accelerated testing of this kind is useful in achieving durability 
evaluations in a sensible timescale. However, the author also proposes a phase of 
field trials, whereby repaired pipe sections are buried and then exhumed, at a rate of, 
say, three per month, to assess the effect of moisture, chemical and biological attack 
over the natural range found in the UK soil environment. Field trials are important to 
simulate the environment of a soil medium which may not be represented effectively 
by the variation of air properties during artificial weathering.
(d) Poor handling and installation
Possible weaknesses associated with poor handling and installation of a pipe repair 
system may be identified. Testing could include simulating damage due to poor 
handling and installation followed by testing under various loading regimes. Where 
damage sustained prior to use severely inhibits the performance of a repair system, 
the design of the system is not necessarily flawed: it may simply be necessary to 
provide better packaging to prevent damage in transit or provide improved training 
for operatives. However, water industry guidelines specify the need for repair 
systems that are easy to store, transport and install (McBride and De Rosa, 1989; 
Tinne, 1990) so the requirement for complex handling and installation procedures to 
restrict damage should be avoided.
(e) Accidental damage
The robustness of a repair system may be evaluated by the use of impact testing to 
simulate damage that may be induced by third parties during the life of the repair 
system, for example by other utilities installing or repairing apparatus close to the 
repaired water main. A method of impact testing is described in BS 3505:1986 
(Appendix B), which could be applied in the case of a pipe repair system. In BS
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3505 (1986), failure is defined as complete cracking through of the wall. The impact 
resistance of a material is determined by the number of blows required to cause 
failure. The author proposes that this test method should only be used as a 
comparative measure against existing repair clamps or other novel repair systems, as 
it is difficult to predict the type and magnitude of impacts that may be applied to a 
repair system in the field.
3.3.6 Versatility and flexibility
The versatility of a pipe repair system is defined by its ability to be used on a number 
of different sized pipes and for different types of failure i.e. leaking joints and 
ferrules, as well as circumferential fractures and small corrosion holes. It should be 
noted that versatility refers to the usability of a single repair system unit and does not 
include those pipe repair systems with a range of products of the same design but 
produced in a number of different sizes components.
Versatility testing requires the application of a standard-sized pipe repair system to a 
range of different sized pipes until a limit is reached whereby the system can no 
longer be applied or, when tested, there is a reduction in the other performance 
criteria described above (see Table 3.1). This approach may be taken with a variety 
of types of pipe failure, including cracks and holes of a range of sizes, leaking joints 
and failed ferrules. The results can be expressed as a range of pipe diameters and 
variety of failures that a particular repair system may be applied to.
Flexibility refers to the ability of a pipe repair system to deform under loading prior 
to failure. In particular, flexibility under longitudinal and shear loading are sought 
(see Section 3.2.2). The amount of axial deformation before failure is a measure of 
the flexibility of the repair system in the longitudinal direction. In the current water 
industry guidelines for repair clamps for metal pipes (WIS 4-21-02:1994) a test for 
axial deformation is described whereby the repaired section is subjected to internal 
hydrostatic pressure and then an axial load is applied. It is proposed that a similar 
test is applied to other types of repair system, where the extension or compression of 
the pipeline over the area of the repair system is measured during longitudinal 
loading. The extension or compression may occur by deformation of the repair
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system itself or by slippage at the repair/pipe interface. The repaired pipe section 
should remain watertight during testing. The strength in bending and shear could 
also be tested at the point of maximum deformation (as determined by repeated 
testing) to ensure that the repair system still maintains adequate strength despite the 
strain and stress in the longitudinal direction. It should be remembered that during 
laboratory testing the pipeline and repair will not be constrained by soil and will 
therefore be free to move. Longitudinal flexibility underground may be inhibited by 
the restraining action of the pipe bedding, particularly where the pipe is heavily 
encrusted with corrosion deposits, resulting in high friction between the pipe and 
surrounding soil.
The flexibility of a repair system under shear loading may be determined by 
measuring the degree of angular deflection before failure. A test for angular 
deflection is described in the current water industry guidelines for repair clamps for 
metal pipes (WIS 4-21-02:1994); the repaired section is subjected to internal 
hydrostatic pressure and then an angular deflection is imposed. A similar test is 
suggested by the author for other types of repair system, where the angular deflection 
is imposed by the application of a shear load.
3.3. 7  Financial and environmental cost
The financial and environmental costs of a new repair system may be compared with 
those of existing repair systems and other new systems being developed. It is 
proposed that whole life costing be used to take into account a wider range of costs 
than those of the repair system itself. Costs (financial and environmental) could 
include excavation, repair, reinstatement and any other dependent variables, such as 
subsequent failure rates. Costs may be apportioned from labour, machinery, 
materials, transportation and fixed costs payable to third parties, such as taxes or 
customer compensation.
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4 . C a s e  S tu d y :  P o l y m e r  R e p a ir  S y s t e m  
C o n c e p t u a l i s a t i o n  a n d  E x p e r i m e n t a l  D e s ig n
Pipe repair systems have traditionally been developed as mechanical clamps using an 
elastomeric gasket to form a seal on the failed pipe (see Section 2.9). The author has 
investigated a novel distribution main repair system using chemical bonding to create 
a watertight seal. The investigation has been used as a case study to apply the test 
methodology proposed for evaluation of novel pipe repair systems in Section 3.3. In 
Section 4.1 the conceptualisation of the novel repair system is described. The 
specific experimental programme used for this investigation is presented in Section 
4.2.
4.1 Conceptualisation
The performance criteria required of novel distribution main repair systems have 
been discussed and defined in Sections 3.1 and 3.2. With reference to Figure 4.1, 
there are two main repair strategies that have been considered by the author to 
achieve these performance criteria: mechanical devices and chemically-based 
methods. A mechanical device seals a failure by applying compression through 
mechanical means to a non-adhesive seal. Existing split collar and wraparound 
clamps fall into this category. The second approach is to use a technique in which a 
chemical bond forms the watertight seal around the failure.
A range of chemical bonding techniques are used for applications other than pipe 
repair within the water industry. Both liquid polymers, such as epoxy resin, and 
cementitious materials are used to reline the interior of pipes, after cleaning, to 
protect against corrosion (Evins and Warren, 1988; Warren and Crathome, 1990; 
Thomas and Marshal, 1990; Russel, 1994). Structural epoxy resin has also been used 
to joint sections of large diameter pipe (Anon., 1968a), and specific formulations 
have been applied in wet conditions or underwater (Anon., 1968b). Inert material 
impregnated with a polymer is used for the structural lining of water pipes (Evins and 
Warren, 1988; Champion, 1990; Russel, 1994; Schmager, 1998). Butyl rubber
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sheeting has been used to line reservoirs (Colquhoun, 1967; Davies, 1968; Anon., 
1972). ‘Bandage’ type products are marketed for repairing pipes, but are not in 
common usage within the UK water industry. For example, ‘Stop it’ is a knitted 
fibre glass cloth coated with polyurethane resin, which is activated by immersion in 
water. It is manufactured by an American company and is intended for use on small 
diameter water and chemical pipelines. In the UK, a two-tape ‘Pipe and Hose 
Repair’ system is produced by Sellotape for the temporary repair of leaks in domestic 
plumbing systems.
The investigation of improved methods of repair using mechanical devices can be 
considered to be development rather than research. The author has found no 
documentation to suggest that external pipe repair methods other than mechanical 
devices have ever previously been considered by the water industry for distribution 
main repair. It is also likely to be difficult to include further performance criteria, 
such as versatility, into mechanical repair devices which have already been optimised 
by piecemeal development. Therefore, for the case study investigated by the author 
the opportunity has been taken to adopt a more fundamental approach to pipe repair 
and to carry out research into alternative repair strategies to mechanical methods.
The basis of the proposed novel repair design is the adhesive bond between the repair 
component and the pipe. Options for achieving a chemical bond on a pipeline in 
field conditions are considered in Section 4.1.1. The results of this discussion form 
the basis of the novel repair design. In Section 4.1.2, various types of polymer are 
considered for use in ‘paste’ and ‘bandage’ type external water pipe repairs. In 
Section 4.1.3 individual products are selected for testing.
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Figure 4.1 Options for distribution mains repair 
4.1.1 Selection o f chemical repair options
Chemical repair of pipelines refers to systems where the watertight seal is formed by 
adhesion, rather than compression of a non-adhesive gasket. There are various 
options within the field of chemical repair, including those classified by the author as 
‘encapsulation’, ‘paste’ and ‘bandage’ repairs (Figure 4.1). For pipeline repair, the 
term ‘encapsulation’ refers to pouring a liquid into the excavation to cure in place 
and encapsulate the failed pipe. A ‘paste’ repair would be based on a high viscosity 
liquid which would be applied in a much smaller volume directly to the pipe around 
the failure, and then cured. The third possible chemical repair technique is to wrap a 
flexible, solid material around the pipe, covering the failure, as a type of ‘bandage’.
Encapsulation could be carried out using polymer or cementitious materials. A failed 
pipe would require, say, 100 mm cover of chemical repair material above and below 
in a limited access excavation of 300 mm diameter. This equates to an encapsulation 
volume of approximately 20 litres (depending on the size of the pipe). The cost of 
using such large volumes of a polymer-based material would be prohibitive. For
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example, 20 litres of the epoxy resin currently used for lining pipes costs 
approximately £150, compared to £15-£50 for a two-part repair clamp (depending on 
the size and type required). A cementitious material may be cheaper, but may shrink 
cure away from the pipe when used in a large volume. The encapsulation material 
must have a low viscosity to enable pouring into the excavation and full contact with 
the pipe surface. A low viscosity polymer or cementitious material would penetrate 
the failure and cause contamination of the water supply. Gaining subsequent access 
to an encapsulated pipe would also be difficult. For these reasons, encapsulation 
alone will not be considered further.
For paste repairs, the material would need to be viscous enough to avoid penetration 
of the failure and also to remain on the surface of the pipe. The most suitable generic 
material type for this application, with products already approved for use with 
potable water, is the polymers. The viscosity of most polymers may be altered by the 
addition of diluents or fillers. Significantly smaller quantities of polymers would be 
used than for the encapsulation method, making the repair system cost-effective. 
Bandage materials are already in use for repairing some pipelines but their suitability 
for pressurised water distribution mains has not yet been established. For both pastes 
and bandages, the repair could be surrounded by concrete or mortar to give additional 
strength. In the following sections of this thesis polymer products suitable for use in 
paste and bandage type repairs are considered further.
4.1.2 Polymer types
There are a number of families of polymers, which are grouped according to 
chemical composition. Within some groups there are large variations in the 
performance and use of polymers based on the same chemical composition. Other 
groups have general characteristics that apply across the full range of products. 
Materials are discussed in terms of performance and method of application, either as 
a polymer group or as a specific material, depending on the characteristics.
Polymer products are usually formed into solid components relying on cohesive 
strength, or are used as thin film adhesives to join two other components together. It
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is unusual to require a product to have both high adhesive and cohesive strength, as is 
required for water distribution main repair.
The performance criteria for distribution main repair systems (Table 3.1) require the 
selection of products with high cohesive strength under several types of loading and 
high adhesive strength so as to form a watertight seal when applied to an iron 
substrate. Epoxies, phenolics and their derivatives, acrylics, polyesters, and 
polyamides are suitable adhesives for metal to metal bonding (Schneberger, 1983). 
These materials are known as structural adhesives when used for high strength 
applications, for example, in the aerospace and automobile industries (Politi, 1990; 
Schneberger, 1990).
Epoxies are known for their high adhesive and cohesive strength, good moisture and 
chemical resistance, low shrinkage during cure, low creep, and no evolution of 
volatiles during curing (Lee and Neville, 1982). Unmodified epoxy resins have an 
approximate tensile strength of 9000 psi (62 MN/m2) and an ultimate compressive 
strength of 30 000 psi (203 MN/m2)(Lee and Neville, 1982). Phenolic resins are 
known for their strength, solvent resistance and thermal stability (Tobiason, 1990). 
Acrylics are used for their water resistance, durability, low toxicity and ease of 
formulation (Gehman, 1990). A wide range of adhesive products are acrylic based. 
The strongest acrylics have a tensile strength of 9000 psi (62 MN/m2)(Gehman,
1990), equivalent to that of epoxy resin.
Polyamide adhesives exhibit good chemical and oil resistance. Adhesive strength 
varies up to approximately 7500 psi (52 MN/m2)(Rossitto, 1990). Polyesters have 
good water, oil and grease resistance, and flexibility at low temperatures. Adhesive 
strength varies from 1000 to 4700 psi (7 to 32 MN/m2)(Rossitto, 1990). Both 
polyamides and polyesters are thermoplastics which must be heated to approximately 
100-180°C to melt and apply the product to the substrate.
Factors relating to the application of the adhesive are also important when evaluating 
the performance of a repair system, including crack bridging ability, minimum 
interruption to supply and application within a limited access excavation to provide
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environmental benefits (Table 3.1). With polymers, these factors are dependent on 
the cure time, viscosity, and method of application. According to Skeist and Miron 
(1990) there are four main methods for the application of polymer adhesives:
(i) An adhesive bond may be formed by applying pressure. Materials of this type 
usually have a relatively low adhesive strength and can be removed again from the 
substrate, which may be useful in some applications. However, in the case of a 
water pipe repair a relatively strong adhesive bond is required. Pressure-sensitive 
polymers also have low cohesive strength. Such a material could be used as a 
sealant within a pipe repair system but would require external mechanical strength 
and continued pressure from another component. A pressure sensitive material 
could be applied as a pipe repair ‘bandage’ in combination with a material of 
greater structural strength. Examples of pressure sensitive materials are types of 
natural rubber, butyl, styrene block copolymer, styrene-butadiene rubber (SBR), 
acrylic and silicone.
(ii) Thermoplastics may be heated to reduce their viscosity and then cooled after 
placing to return to their solid form. A disadvantage of this method of application 
is the requirement to have a heating device on site. The polymer would require 
heating to the liquid phase to ensure full contact with the pipe circumference prior 
to cooling. High performance polyesters and polyamides (as discussed above) fall 
into this category.
(iii) Polymers may be dissolved or carried in a solvent. The type of solvent is 
dependent on the polymer, and may be water or an organic material. The release 
of the solvent leaves the adhesive on the substrate. There may be an issue of 
toxicity associated with the release of the solvent into the pipe on the inside of the 
repair and into the confined space of an excavation on the outside.
(iv) The adhesive bond may be formed by in situ polymerisation. This is the curing 
mechanism for all thermosetting resins, including the epoxies, phenolics and 
structural acrylics identified above as adhesives suitable for adhesion to metal. In 
many cases, the resin is supplied in two parts, the polymer and a hardener. These
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are mixed to initiate the curing reaction. Other sealants and adhesives cure when 
in contact with moisture in the air. Anaerobic adhesives cure when oxygen is 
excluded, for example on thin bond lines in metal assembly (Rooney and 
Malofsky, 1990). Anaerobic conditions could not be achieved within a water pipe 
repair situation so these adhesives have not been considered further. Some 
products require heat curing. These have been omitted from the test programme 
to eliminate the need to have heating equipment on site. Radiation-curable 
adhesives have also been avoided to eliminate the requirement to have ultra-violet 
or electron-beam equipment on site (Skeist and Miron, 1990).
From the discussion of polymer types above it can be concluded that structural 
adhesives represent the most obvious and appropriate material type for the 
development of polymeric distribution main repair systems. Of the structural 
adhesives cited, only epoxies, phenolics and acrylics are thermosetting polymers 
which are cured by two-part in situ polymerisation, thereby avoiding the need for on­
site heating, ultra-violet or electron-beam equipment. Sealants and adhesives cured 
by contact with air or water are also options for pipe repair technology. In addition, 
pressure sensitive materials could be used as part of a repair system where a sealing 
force was provided from elsewhere.
4.1.3 Product selection
The resins and adhesive materials chosen for testing are commercially available and 
were primarily selected from the Water Fittings and Materials Directory (WRAS,
1996) for compliance with Regulation 25(l)(b) of the Water Act 1989, which sets out 
the approvals criteria for materials in contact with potable water. Where no examples 
of generic material types proposed for testing in Section 4.1.2 have been approved 
for use with potable water, non-approved materials were substituted, with the 
intention of submission for water quality approval when appropriate. A summary of 
the products selected is presented in Table 4.1.
Structural epoxy, phenolic and acrylic adhesives cured by two-part in situ 
polymerisation were identified in Section 4.1.2 as the most suitable materials for 
external water pipe repair. Numerous epoxy resin products are approved for use with
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potable water. From these, six were selected for testing. Epoxies 1 and 2 are original 
and modified (in terms of toxicity) resins respectively, used for spray-on pipe linings. 
Epoxies 3 and 4 are adhesives for use in the water industry. Epoxy 5 is an adhesive 
which was found to require heat curing on receipt of a sample. However, it was 
decided to continue with testing to provide a comparison of heat cured epoxies with 
two-part products.
No acrylic or phenolic products were approved for use in contact with potable water 
at the start of the test programme (WRAS, 1996). A sample of a non-approved 
phenolic resin was procured for testing as a potential water pipe repair product. The 
resin was specially formulated by a resin manufacturer for testing as a water pipe 
repair product, as discussions with water quality personnel suggested that problems 
had previously been encountered with gaining water quality approval for phenolic- 
based products.
In the case of structural acrylics, discussions with water quality approval personnel 
did not indicate a history of test failure (Colboume, personal communication, 1997), 
although it may be that no products have previously been submitted for water quality 
approval. A non-approved sample was therefore obtained for investigation as a 
potential water pipe repair product. Water quality testing of unapproved products 
that were shown to fulfil the performance requirements during the initial stages of 
testing was carried out at an appropriate point in the test procedure (see Section 
4.2.6).
The above products were selected for their status as known structural adhesives with 
good bond strength to metal. No polyamide or polyester products were selected in 
order to avoid the need for heat curing of the final repair system. In addition, 
samples of other possible products with alternative curing mechanisms were also 
selected. These include three approved examples of moisture-curing products, all 
silicones. Butyl rubber was selected as an example of a pressure-sensitive material. 
Various tapes were also procured for use to add strength to the butyl as a ‘bandage’ 
repair.
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A polyurethane impregnated polyester bandage was selected as an example of a 
bandage system already used for repairing small diameter pipelines overseas, and 
with UK water quality approval. A two-tape repair system marketed for repairing 
leaks in domestic plumbing in the UK was also selected for testing as a bandage 
repair product. Self-amalgamating tape is used to form a leak-tight seal with a 
pressure sensitive tape.
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4.2 Experimental design
In Chapter 3, a generic specification and test methodology was proposed for the 
evaluation of all types of water distribution main repair systems for circumferential 
fractures in iron pipes. In this section, the generic performance criteria (Table 3.1) 
and test methodology (Section 3.3) are applied to a specific type of repair, namely 
polymeric repair systems effecting a watertight seal by chemical bonding to the iron 
substrate. To implement the generic concepts, it was necessary to identify an 
appropriate experimental test method for evaluating each performance parameter. 
The experimental programme has been developed specifically for testing polymeric 
type repair systems and would not necessarily be applicable to other repair types, 
although the basic principles outlined in Section 3.3 have been applied. In Section
4.2.1 the performance criteria described in Sections 3.1 and 3.2 are considered in the 
specific case of paste and bandage-type polymeric repair systems. The chosen 
experimental procedure is described in detail in Sections 4.2.2. to 4.2.6.
It should be noted that, in practice, no evaluation of shear strength, longitudinal 
strength, resistance to negative pressure, durability, versatility, flexibility or 
reduction in environmental and financial costs was required as no suitable polymeric 
repair systems were identified in the earlier stages of the test programme.
4.2.1 Performance criteria for chemically-bonded repairs
The general performance criteria identified in Table 3.1 require further discussion in 
relation to the characteristics of polymers and the decision to investigate ‘paste’ and 
‘bandage’ type repairs. An examination of repair/pipe interaction under loading will 
also assist in the selection of appropriate test methods, considered in the following 
section. Each performance criterion is discussed in turn below.
(i) Watertight seal
The quality of the watertight seal between the polymer repair and the iron pipe is 
determined by the adhesive strength of the bond. This is a different property to the 
cohesive strength of the polymer itself, which is dealt with in (ii) below.
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An adhesive watertight seal may be obtained through pressure or chemical reaction. 
‘Bandage’ repairs could be sealed either by chemical reaction or by pressure 
developed by wrapping of the bandage. ‘Paste’ repairs will require the seal to be 
formed by chemical reaction. Examples of polymers which are capable of forming a 
watertight seal by these two methods have been considered in Section 4.1.3. It is 
intended that the adhesive strength of the bond should be equal to the strength 
requirements defined in Table 3.1. The stresses formed across the bond of an 
external water pipe repair from the four pipeline loading conditions required in Table
3.1 (bending, longitudinal, shear and hoop) are discussed below.
(i)(a) Adhesive strength under pipeline bending and longitudinal loading 
Compressive and tensile stresses from bending and longitudinal pipeline loading 
resolve as shear stress across the repair/pipe bond (Figure 4.2). From Table 3.1, the 
highest tensile and compressive strength criteria are those resulting from bending, 
with a strength requirement of 150-250 MN/m2 for the repaired section of main. This 
maximum stress occurs at the top and bottom of the pipe cross-section (Figure 2.13). 
The repair/pipe bond will also experience a maximum stress at this point. Therefore, 
the shear strength of the repair/pipe bond must be equivalent to that of an iron 
distribution main under 150-250 MN/m2 in bending. The resulting shear stress 
across the repair/pipe bond depends on the relative dimensions of the pipe cross- 
sectional area and the repair/pipe bond width. With reference to Figure 4.2, this can 
be calculated by equating the forces, thus:
° Pa p =  z b a b C4-1)
where ap = tensile/compressive stress in the pipe 
a = pipe cross-sectional area 
Tb = shear stress across the repair/pipe bond 
ab = bond area
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(i)(b) Adhesive strength under pipeline shear loading
Shear loading of a pipeline results in compressive loading across the repair/pipe bond 
on one side of the failure, and tensile loading on the other side (Figure 4.3). The 
most likely mode of failure is tensile peel initiated from the end of the bond (Figure 
4.4). The magnitude of the compressive or tensile load across the bond is equal to 
the shear load applied. The compressive or tensile stress across the bond is therefore 
given by:
x p a p = G b a b (4 -2)
where Tb = shear stress across the pipeline 
a = pipe cross-sectional area 
ab = tensile or compressive stress across the 
repair/pipe bond 
ab = bond area
It should be noted that under this loading regime there will also be tensile stress 
longitudinally within the repair material bridging the crack (Figure 4.4).
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Figure 4.2 Shear stress across the repair/pipe bond from longitudinal tensile (a) and
compressive (b) loading
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Figure 4.3 Repair shear loading
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Figure 4.4 Deformed repair shape after shear loading
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(i)(c) Adhesive strength under pipeline hydrostatic loading
The effect of hydrostatic loading from the water within the pipe on the repair/pipe 
bond depends on the relative magnitudes of the modulus of elasticity, E, of the two 
materials (pipe and repair). In the case of a metal pipe with a polymer repair, the 
polymer is likely to have the smaller elastic modulus and will therefore exhibit a 
greater strain circumferentially than the metal pipe for the same hydrostatic loading. 
This will result in tension across the repair/pipe bond and the possibility of peel 
failure acting from the end of the bonds outwards (Figure 4.5). The magnitude of the 
tensile stress across the repair/pipe bond will depend on the modulus of elasticity of 
the polymer being tested in relation to the modulus of elasticity of cast iron. In the 
case of negative pressure, the repair system material will be pulled into the crack 
(assuming a lower modulus of elasticity than the pipe). There will be a compressive 
force across the pipe/repair bond and tensile stress in the repair materials itself.
repair, E,E, < E-
metal, E;water
peel failure
w ater w ater
Figure 4.5 Repair hydrostatic loading
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(ii) Strength
The strength of a polymer repair system refers to its ability to withstand normal 
pipeline loading once applied and, if necessary, cured. The overall strength is 
determined by the cohesive strength of the material, in addition to the adhesive 
strength, as discussed in (i) above. The stresses resisted should be equivalent to 
those defined in Table 3.1 for bending, shear load, longitudinal load and hydrostatic 
pressure. The stresses experienced by the repair material will depend on the relative 
cross-sectional areas of the iron pipe and the repair over which the stresses are acting.
(iii) Crack bridging ability
Crack bridging ability is dependent on the viscosity of the polymer at the time of 
application and the cohesive strength of the material once in use. Polymers applied 
as low viscosity liquids would penetrate the failure and may contaminate the water 
supply or cause obstructions on the inside of the pipe. Therefore, the repair material 
should be a solid on application or have a high viscosity ‘paste’ consistency.
(iv) Minimum interruption to supply
The degree of interruption to the supply of water to customers is dependent in all 
methods of distribution main repair on the ease of application of the repair product. 
In the case of polymers, the viscosity and cure time are also of importance in addition 
to the general ease of application. In most cases, the strength of a curing polymer is 
stated by manufacturers to increase with time, at a decelerating rate, with final 
strength achieved in a number of days or weeks. Cure times increase as the ambient 
temperature decreases and therefore the maximum cure time required should be 
determined in cold weather. The cure time of some polymer products may be 
decreased by the inclusion of additives and this could be addressed where necessary 
during the test procedure. Materials may require complete curing to gain adequate 
strength and adhesion to prevent further leakage, and this could significantly increase 
the time period over which the supply of water is interrupted.
(v) Water quality approval
Many polymeric materials are only safe for use in contact with potable water after 
curing. The current water quality approval for some products requires a cure time of
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several days (see, for example, WRAS, 2001). The requirement for materials 
approval must be balanced with the interruption to supply (see (iv) above) to select 
products with an optimum cure time.
(vi) Durability
Information with regard to the long-term durability of polymeric materials is less 
known than for older materials such as iron. Most basic polymers have been 
developed within the last century, and state-of-the-art formulations developed from 
the original polymers may only have been available for a few years. Polymers do not 
corrode in the same way as iron, but may degrade when exposed to extreme 
temperatures, high humidity or chemical attack (Bolger, 1983). Accelerated testing 
of polymers to simulate the effect of long-term use in aggressive environments is 
possible (Koski and Schneberger, 1983; White and Turnbull, 1994; Greenwood, 
1997) but comparative historical data is lacking.
(vii) Minimum financial cost
The use of a polymeric repair system may result in substantially different costs to 
those incurred from the use of a traditional mechanical repair clamp. For example, 
there may be a cost reduction when using a polymeric system if the size of the 
excavation can be significantly reduced by the use of ‘hands-free’ application. 
However, the cost of the repair itself may increase due to the high unit cost of some 
polymeric products. The total cost of the repair process should be considered to 
enable the true financial cost of a solution to be evaluated.
(viii) Versatility
Versatility refers to the ability of a single repair component to fit a variety of pipeline 
diameters whilst providing a watertight seal and sufficient strength (Table 3.1). The 
possible application of a single repair system to a variety of types of failure, such as 
circumferential cracks, leaking joints and failed ferrules, is also considered 
advantageous (see Section 3.2.1). Versatility of a single repair to fit a number of 
failure types and sizes may be achievable by the use of polymers which are malleable 
when applied. In particular, the crack bridging ability of a material (see (iii) above) 
may determine the range of failure types that can be repaired.
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(ix) Flexibility
Flexibility in a polymeric repair system is dependent on the elastic properties of 
individual polymer products. Most polymeric materials have a(Tiighmodulus of 
elasticity, E, when compared to iron, the primary material of failed pipes and existing 
repair clamps. For example, epoxy resin has E  = 1.5 - 3.6 GN/m2 (Cardarelli, 2000), 
compared to E  = 90 GN/m2 for iron (Talbot, 1926; Angus, 1976). It is possible to 
increase the flexibility of polymers such as epoxy resin by modification with other 
polymers such as polyurethane or rubber (Lees, 1980; Hata, 1981).
(x) Reduction in environmental impact
In Section 3.2.3 two primary ways of reducing the environmental impact of the 
process of pipe repair were identified: the use of smaller excavations; and improved 
or reduced materials usage in the repair system itself.
Successful application of a polymeric repair in a limited access excavation is 
determined by the properties of the chosen product, in particular viscosity and cure 
time, where cure time refers to the minimum time needed to achieve sufficient 
strength and adherence to water quality requirements. Specific equipment may be 
required in order to carry out the installation without ‘hands-on’ access and this 
should be included in the evaluation. Improvements in material usage are measured 
by the volume of material required for a single repair and by the environmental 
impacts associated with the use of a unit volume of the chosen repair material(s) 
when compared with existing products. The toxicity of the polymer during 
application should also be considered as this may result in requirements for 
substantial health and safety measures, thereby adding to the overall cost and 
environmental impact of the system.
4.2.2 Preliminary tests
According to the generic test methodology proposed in Section 3.3 the test regime 
commences with pressure and strength testing of complete repair systems on failed 
distribution mains. However, because of the novel nature of this work the author 
proposed that preliminary tests of a simple nature be carried out on samples of 
polymeric material to eliminate unsuitable products prior to further testing. More
C laire Ashton - M P hil 131
C hapter 4 - C ase Study: P o lym er R epa ir System  C onceptualisation  an d  E xperim ental D esign
detailed and time-consuming testing would be invested only in those products known 
to satisfy approximately the required strength criteria. The preliminary testing also 
needed to be repeatable to allow verification of results. Two types of test were 
selected to simulate the stresses induced by the most common modes of pipeline 
loading and are described in Sections 4.2.2.1 and 4.2.2.2.
When carrying out the tests it was important to establish whether a sample had failed 
in adhesion to the cast iron substrate or due to cohesion of the material itself. A 
discussion of the adhesive and cohesive properties of materials is found in Section 
4.2.2.3. In view of the importance of adhesion of the polymeric materials to the cast 
iron substrate various methods of surface preparation were employed during the 
testing; these are described in Section 4.2.2.4.
4.2.2.1 Lap shear test
In Section 4.2.1 (i) the resultant stress across the repair/pipe bond from each type of 
pipeline loading (bending, shear, longitudinal tension and compression and hoop 
stress) was identified. Both pipeline bending and longitudinal loading were shown to 
exert a shear force on the adhesive bond of the polymer to the metal pipe (see Figures
4.2 and 4.3).
There are a number of standard tests for assessing the bond strength in shear of a 
polymer to a particular substrate. The lap shear test is regularly used to test the 
strength of polymer materials (Pinnell et al., 1994; Bonk et al., 1996; Ouddane et al.,
1997) and is described in BS EN 1465:1995. A layer of polymeric material is 
sandwiched between two pieces of metal substrate and cured (Figure 4.7). The 
sample is then failed in tension by applying a load to one end of each of the metal 
pieces (Figure 4.8). Weissberg and Arcan (1988) show that normal forces contribute 
to the failure in a standard lap shear test specimen, and results produced are 
considered to be very conservative (Adsit et al., 1972). Pure shear may be achieved 
by using thick adherends, thereby increasing the stiffness of the sample (Krieger,
1991).
C laire Ashton - M P hil 132
C hapter 4 - C ase S tudy: P o lym er R epa ir System  C onceptualisation  an d  E xperim ental D esign
Other shear test methods include the notched shear, the short beam shear, 
compressive shear and torsion tube testing. Adsit et al. (1972) conclude that torsion 
tube testing and the notched shear test are the most accurate of the possible shear 
tests. The short beam shear test is only considered useful for comparative studies and 
not for obtaining design data (Adsit et al., 1972). The compressive shear test is a 
British Standard test for determining the strength of adhesives (BS 5350:Part 
C15:1990), but no discussions of its usefulness have been found by the author. The 
alternatives to the lap shear test, such as torsion tube testing, appear to be harder to 
perform in terms of preparation of specimens, and are not, with the exception of 
compressive shear, British Standard test methods for polymers. The main purpose of 
the preliminary testing was to gain an approximate measure of the strength of various 
polymers and provide a comparison between materials, rather than obtain absolute 
values for shear strength. Therefore, the lap shear test was used as the preliminary 
test to investigate the effect on the repair/pipe bond of pipeline bending and 
longitudinal loading.
Variations on the standard lap shear test described in BS EN 1465:1995 include the 
double lap shear test and the single lap specimen with a stepped joint. Both of these 
specimens have the advantage of overcoming eccentricity during testing. In the 
testing carried out by the author it was decided to use the standard shaped adherend 
samples for ease of casting the iron specimens. Spacers were then included in 
purpose designed grips to ensure loading along the central axis and to overcome the 
problem of eccentricity without requiring complicated casting.
The adherend dimensions were greater than is suggested in BS EN 1465 (1995). A 
thick adherend reduces bending stress due to its greater rigidity and results in an 
increased degree of failure from shear rather than normal stress. The thickness of the 
metal adherends used in the present study was 17 mm, compared to 1.5 mm as 
recommended in BS EN 1465 (1995). A larger contact area than recommended in 
BS EN 1465 (1995) was used to minimise the effect of any relatively large asperities 
of the cast iron. These may have affected locally the adhesion of the polymer 
product and could have resulted in inaccuracies if small specimens were used. The 
contact area in the present study was 8000 mm2 (200 mm long x 40 mm wide)(Figure
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4.7). In contrast, a contact area of 25 mm x 25 mm is recommended in BS EN 1465 
(1995). A thick layer of adhesive was used in the study to simulate a solid polymer 
pipe repair, rather than just applying a thin glue line. The adhesive layer was 1.7 mm 
thick.
The test material was applied to the lower cast iron bar, and two lengths of steel wire 
(1.7 mm in diameter) were then placed in the uncured material across the width to 
enable a standard thickness of resin of 1.7 mm to be obtained (see Figure 4.6). The 
upper bar was then positioned and gentle hand pressure applied to ensure adhesion of 
the polymer to both faces of the metal. All specimens were cured for 24 hours before 
testing (Epoxy 5 required heat curing for 1 hour, and was then left at ambient 
temperature for a further 23 hours). Testing was carried out in a tensile test machine 
with an adapted clamp to enable the sample to be sheared about its central axis 
(Figure 4.7). Load was applied manually, due to the limitations of the experimental 
apparatus, at a rate of approximately 20 kN/minute, as seemed reasonable from initial 
investigative testing. The failure load was recorded as the maximum load applied to 
the sample.
wire spacersupper cast iron
200mm
test material
lower cast iron bar
Figure 4.6 Lap shear test specimen
C laire A shton - M P hil 134
C h apter 4 - C ase Study: P o lym er R ep a ir  System  C onceptualisa tion  an d  E xperim en ta l D esign
Figure 4.7 Shear test specimen undergoing testing 
4.2.2.2 Plate pressure test
The two modes of pipeline loading that were not considered in Section 4.2.2.1, shear 
and hoop stress, both result in tensile loading across the repair/pipe bond (refer to 
Figures 4.3 and 4.5). In such cases, the loading is not uniform across the bond area 
but is concentrated at the end of the bond (see Figures 4.4 and 4.5). Tensile testing 
using a standard butt joint (Schneberger, 1983; BS EN 26922:1993) is not suitable as 
an evaluation method as the load is equally distributed across the bond area. Peel 
and cleavage tests (BS 5350:C14:1979; Schneberger, 1983; Koski and Schneberger, 
1983; BS 5350:C13:1990; BS 5350:C12:1994) more accurately simulate the stresses 
across a repair/pipe bond from shear and hoop stress. Both the latter types of test 
investigate the properties of a ‘sandwich’ of adhesive between two adherends. Peel 
tests measure the force required to peel a flexible substrate from the rigid or flexible
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material to which it is adhered. Cleavage tests measure tensile peeling between two 
rigid adherends. Neither of these tests simulate the situation of a repair on a failed 
pipe, where the polymer bridges a crack rather than forming a ‘sandwich’ between 
two adherends. Therefore a test to assess the bond strength under positive water 
pressure of a crack-bridging polymer pipe repair has been designed specifically by 
the author.
A layer of polymer paste 1.6 mm thick, and 100 mm x 100 mm in surface area was 
applied to a plate of cast iron and allowed to cure. Water was then applied at 
pressure through a 13.2 mm (1/4” BSP) hole in the centre of the plate to force the 
polymer off of the plate (Figure 4.8). It should be noted that a silicone release agent 
was applied to the brass hose connector in the central hole prior to application of the 
polymer to ensure adhesion of the polymer to the cast iron only. Also, during 
coating, the central hole was temporarily plugged to prevent ingress of the polymer 
paste (tissue paper was found to be effective). The plates were left to cure for 24 
hours as in the lap shear tests. The failure pressure was recorded as the maximum 
pressure applied to the sample.
resin
cast iron
water pressure
Figure 4.8 Pressure test specimen
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4.2.2.3 Adhesion and cohesion
A bonded joint may fail in adhesion of the bond or in cohesion of the adherend or the 
adhesive. It was important that in this test programme the mode of failure could be 
determined sufficiently well. This was because if the polymer was found to fail in 
cohesion then the ultimate strength of the product itself was deemed to have been 
reached. However, if the material was determined to have failed in adhesion then 
improvements to the surface preparation of the substrate may have resulted in the 
achievement of a higher failure strength.
There is much debate over the definition of adhesive failure and its determination in 
practice. Bikerman (1978) defines adhesion specifically as the interfacial separation 
of two bonded materials. Mattox (1978) presents a range of types of interfacial 
regions that vary from a sharp, well-defined boundary to a compound or diffusion 
interface. It is proposed that although the strict definition of adhesion refers only to 
failures in products with a sharp boundary, the practical use of the term to refer to 
failures at or near the boundary of compound or diffusion interfaces is helpful 
(Mattox, 1978). For the purposes of this report, the definition proposed by Mattox 
(1978) of adhesive failure being a failure in the interfacial region is used. A cohesive 
failure is recorded for samples where adhesive material is visible on the adherend to 
the naked eye.
4.2.2.4 Surface preparation
The quality of the adhesive bond between the polymers and the cast iron adherend
f
was considered likely to vary with the degree of surface preparation. The effect of 
surface preparation was therefore specifically investigated at the preliminary stage of 
testing. Within a typical excavation it is not considered possible to carry out 
degreasing of the pipe surface, as would typically be done prior to the adhesion of a 
polymer to metal in a factory environment. However, other methods of surface 
preparation could be carried out to improve the mechanical interlock of the polymer 
to the metal. The most typical method that would be used within an excavation is 
wire-brushing. Other methods such as water jetting or shot blasting could also be 
specified.
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The effect of various preparations on the surface of samples of cast iron was 
examined by the author using Scanning Electron Microscopy (SEM). Images and 
chemical spectra obtained from this method are shown in Figures 4.9 to 4.12 for 
untreated, wire-brushed, shotblasted and water jetted iron. An Hitachi S3200N 
variable pressure scanning electron microscope at the Micro Structural Studies Unit 
of the University of Surrey was used. Figure 4.9 shows the oxidised surface of an 
untreated sample. Figure 4.10 shows a wire-brushed sample (note that this image is 
at 0.25 times the magnitude of the other images). Areas of oxidisation remain on the 
surface, although they are not as extensive as those seen on the untreated sample, as 
indicated by the greater oxygen component in the chemical spectrum analysis shown 
in Figure 4.9 compared to Figure 4.10. Areas of oxidisation result in relatively 
loosely attached particles to which the repair material would adhere. Failure would 
then depend on the strength of the bond between the oxidised particles and the main 
body of cast iron, which is likely to be much less than the strength of the repair 
material. With reference to Figure 4.11, which shows a sample that has been 
shotblasted, the particles on the surface have angular edges which would give rise to 
a better bond with the repair material. No oxidisation can be seen on the image. A 
comparison of the chemical spectra confirms that there is significantly less oxide 
present on the shotblasted surface than on the wire-brushed sample. In Figure 4.12, 
which shows a sample that has been water jetted, the surface is less angular than the 
shotblasted surface in Figure 4.11 and has a greater roughness, yet is still free of 
oxidised particles.
For the lap shear tests and plate pressure tests (see Sections 4.2.2.1 and 4.2.2.2) each 
polymer was tested with ‘dry untreated’, ‘dry wire-brushed’ and ‘dry shotblasted’ 
surface preparations. (Unfortunately, water jetting was only identified as a potential 
method of surface preparation during the preliminary test procedure, so only two 
polymers, acrylic and phenolic, were tested on a water jetted surface.) Water pipe 
repair excavations are typically waterlogged and contaminated with soil. Pipe 
surface preparation is not always carried out prior to the installation of current pipe 
repair fittings. Therefore, two additional surface preparations, ‘clay-coated’ and ‘wet 
untreated’, were also used in the preliminary tests to simulate the most extreme 
conditions likely in water pipe excavations in the London area. The list of surface
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preparations (Table 4.2) was deliberately ranked by the author in the order thought 
most likely to represent incremental improvements.
All cast iron adherends were stored at 95-100% humidity at 20°C for at least 24 hours 
to promote the formation of rust prior to surface preparation. Shotblasting was 
carried out at 7000 kPa with copper slag blasting media. Wire brushing was done by 
hand by the author until the surface of the sample was free from visible rust deposits. 
It was found that a dull rust colour, probably from tiny particles, could not be 
removed. For the untreated (wet) sample, water was applied from a wet tissue paper 
to create a damp surface. London Clay with a high moisture content was spread in a 
thin layer on the cast iron for the ‘clay-coated’ samples. Three samples of each 
permutation (material and surface preparation) were tested in both the lap shear test 
and the plate pressure test.
1 Dry shotblasted
2 Dry wire-brushed
3 Dry untreated
4 Wet untreated
5 Clay-coated (untreated and wet)
Table 4.2 Surface preparations for preliminary testing
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Figure 4.9 Untreated surface of cast iron - SEM image and chemical spectrum
analysis.
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Figure 4.10 Wire-brushed surface of cast iron - SEM image and chemical spectrum
analysis.
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Figure 4.11 Shotblasted surface of cast iron - SEM image and chemical spectrum
analysis.
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Figure 4.12 Water jetted surface of cast iron - SEM image and chemical spectrum
analysis.
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4.2.3 Pressure test
Materials shown to have adequate cohesive strength and adhesion in the preliminary 
testing phase were then tested as full-scale pipe repairs on exhumed pipe samples. In 
addition, bandage type repair products were tested for the first time at this stage; they 
are reliant on hoop stress for their strength and therefore could not be tested using the 
lap shear and plate pressure tests described in Section 4.2.2.
The first mode of full-scale testing employed was subjection to internal positive 
hydrostatic pressure (see Section 3.3). Testing was carried out on exhumed iron pipe 
(cast, spun and ductile) obtained from rehabilitation works at various locations in the 
Thames Water area. Each pipe section was approximately 600 mm in length and was 
cut to produce a fully circumferential crack halfway along the pipe, as this is the 
most common type of failure in iron distribution mains (see Section 2.5). Pipes of 
100 mm (4”) in diameter were selected as this is the most common distribution main 
size in the Thames Water area (see Section 2.3). Several pipe sections were 
connected in series on a Pipe Repair Test (PIRET) rig designed by the author for this 
purpose. The crack width was set at a minimum of 3 mm (see Table 3.1). The actual 
crack width was often greater than 3 mm due to movement of the pipe sections as the 
joints were tightened up; the exact crack width for each test section is recorded in the 
results.
Once the pipe test sections had been cut and connected in series, the surface of the
pipe around the crack area was prepared. At this stage of testing, wire-brushing was
used as the method of surface preparation as it was considered to be the most cost
effective and practical method likely to be achieved in the field. Each polymeric
material was then applied in situ in accordance with the manufacturers
recommendations. All products were cured for 24 hours, as in the preliminary tests.
It was found that most materials were too liquid to bridge the crack and tended to
drip off the cast iron under gravity. Application was therefore done repeatedly,
building up layers until the crack was bridged and the resin had become less viscous
due to the start of curing. This situation was not considered ideal and, in the case of
epoxy 1, a thickening agent was added to some of the samples to produce a ^ ^ ^
nvor-Q ,
viscous resin.
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The layout of the PIRET rig is shown in Figures 4.13 to 4.15. The rig was 
constructed overground to allow visual observations to be made and for ease of 
access when modifying sections and installing repair systems. The main components 
of the rig are a reservoir, a pump, the test section of iron pipe, and a pressure 
regulating valve.
reservoir - this was selected to contain sufficient water to fill the rig and 
maintain an adequate supply in reserve to compensate for water 
leaked from test sections. 
pump - a progressive cavity pump was selected to provide a low flow at a 
constant velocity. A low flow was preferred to reduce the amount of 
water lost in the event of sections failing. A constant velocity pump 
was chosen for economic reasons. The pressure was then regulated 
with a valve.
test section - this consisted of up to six interchangeable exhumed iron pipe 
sections connected in series, each approximately 600 mm in length 
and 100 mm in diameter. For most tests only three sections were used 
as a higher number was found to complicate testing when several 
failures occurred.
pressure regulating valve - a pressure regulated butterfly valve was located at 
the end of the test section and was used to modulate the pressure. 
pressure monitoring devices - an analogue gauge was located at the end of the 
test section for visual confirmation of the pressure in the rig. A 
calibrated pressure sensor and datalogger were located at the start of 
the test section to record the pressure. 
safety devices - both mechanical and electrical devices were used to prevent 
overpressurisation of the rig. Two electrical pressure switches were 
installed. The high pressure switch was set at 50 kPa above the 
maximum test pressure to switch the pump off if the rig 
overpressurised. The low pressure switch was set at 100 kPa (to 
switch the pump off if there was a sudden loss of pressure, for 
example a severe failure in one of the test sections. A mechanical 
pressure relief valve was set at approximately 100 kPa above the
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maximum test pressure to allow the release of water from the rig if 
the maximum pressure was reached and the electrical device failed. 
An air release valve was located at the end of the test section, at the 
highest point in the system, to allow the escape of air and reduce the 
risk of trapped air compressing within the rig. 
drains - several drains were located throughout the rig to enable it to be fully 
emptied.
Figure 4.13 Pipe Repair Test (PIRET) Rig
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Figure 4.14 Pipe Repair Test (PIRET) Rig schematic
Figure 4.15 Typical test sections on PIRET Rig
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A value of 1200 kPa (1.5 times maximum working pressure in the distribution 
system) was initially chosen as the maximum test pressure. This is lower than the 
proposed test pressure for novel pipe repair systems of 2400 kPa (see Table 3.1) due 
to the inclusion of exhumed pipe of unknown strength in the test rig which may have 
failed catastrophically at higher pressures. The rig was pressurised from 0 to 1200 
kPa over a period of 20 minutes to simulate the repressurisation of a repaired water 
main in the field. The pressure was then dropped to 1000 kPa over approximately 30 
seconds and maintained at this pressure for 48 hours. The pressure was maintained at 
this lower value because the pressure regulating valve was found to be unstable and 
likely to overpressurise if left overnight at values over 1000 kPa. A pressure 
transducer and datalogger were used to record the maximum pressure sustained. Any 
sections that failed were repaired with a mechanical clamp to allow testing of the 
other sections to continue.
4.2.4 Bend tests
Repaired pipe sections from the full-scale pressure test stage that successfully 
withstood the required internal pressure without failure were removed from the 
PIRET rig and transported to the Constructional Materials Laboratory at the 
University of Surrey. There, bend testing was carried out using four point loading 
(see Section 3.3.2). A span of 500 mm was used (the maximum reasonably possible 
for the 600 mm long sections taken from the PIRET rig). The pipe section was 
supported on roller supports to allow deflection to occur. Chemical metal was used 
to ensure the pipe section did not roll transversely. Load was applied by means of a 
knife edge to two points 50 mm either side of the centre of the repair. The load was 
applied slowly at a rate of approximately 1.5 kN/minute, to allow deflection 
measurements to be taken for every 0.5 kN of load applied. Vertical deflection of the 
repair section during loading was measured by two dial gauges located either side of 
a bar resting on the top of the pipe section, close to the centre point.
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4.2.5 Crack bridging ability and interruption to the supply o f water
The crack bridging ability of a polymeric repair system is dependent on the viscosity 
of the polymer whilst liquid and the cohesive strength of the material once it is in its 
solid form (Section 4.2.1 (iii)). The interruption to the supply of water to customers 
is dependent on the ease of application of the repair system (including viscosity) and 
the cure time of any components applied in paste form (Section 4.2.1 (iv)). These 
criteria were evaluated during the preliminary, pressure and bending tests.
There are specific tests for measurement of the viscosity of polymers, for example, 
using flow cups, the rotating spindle method or extrusion (Koski and Schneberger, 
1983; BS 5350: B8:1990). These methods of measuring viscosity would be useful if, 
say, quantifiable values were required for ease of communication with an external 
testing organisation. However, as testing was being carried out directly by the 
author, the viscosity of products could be compared and described qualitatively with 
regard to their crack bridging ability and ease of application. The cohesive strength 
of the repair systems tested was discussed above in Section 4.2.2 to 4.2.4.
For the purposes of this evaluation it was decided to chose a nominal cure period of 
24 hours to enable the relative performance of materials to be directly compared. 
This may be greater or less than the period recommended in the manufacturers’ 
instructions for any particular material. All materials not fully cured within the 24 
hour period allowed at the preliminary test stage were eliminated from the test 
programme. The 24 hour nominal cure period used during the test procedure was 
considered generous compared to the final cure time that would be required for a pipe 
repair product if it is to be considered a viable alternative to current repair clamps.
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4.2.6 Water quality
Most of the polymer products evaluated in this programme were already approved 
for use with potable water prior to the start of testing. However, the phenolic and 
acrylic resins were not. Due to concerns expressed by water quality experts 
(Colboume, personal communication, 1997), the phenolic resin was tested for water 
quality compliance at the end of the preliminary test phase. It was found to be 
unsuitable for use in potable water and further testing was discontinued. The acrylic 
resin was not tested for water quality compliance before it became apparent from 
strength tests that it would be unsuitable for further use.
Water quality testing was carried out by the Water Quality Centre, one of four 
laboratories accredited by the Water Regulations Advisory Scheme (WRAS) to carry 
out such evaluations. The phenolic resin was first submitted for taste and odour 
testing, in accordance with BS 6920:2000. The test was failed and no further 
assessments were carried out.
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5. C a s e  S t u d y : P o l y m e r  R e p a ir  S y s t e m  
E x p e r im e n t a l  R e s u l t s
The results of the experimental investigation into the use of polymeric materials for 
water distribution main repair are presented in this chapter. The results of 
preliminary testing, encompassing laboratory-scale lap shear and plate pressure tests, 
are given in Section 5.1. For those products showing sufficient strength in the 
preliminary tests, the results of full-scale pressure tests and bend tests are presented 
in Sections 5.2 and 5.3, respectively. An initial evaluation of crack bridging ability 
and interruption to the supply of water to customers when using the polymeric 
materials is given in Section 5.4. The water quality compliance of the various 
materials is discussed in Section 5.5. A summary of the results is given in Table 5.1.
5.1 Preliminary Tests
The results of the lap shear test and plate pressure test are presented in Sections 5.1.1 
and 5.1.2 respectively. Values of maximum strength at failure were recorded for the 
lap shear test, and maximum pressure was recorded for the plate pressure test. The 
mode of failure was also observed and recorded. Examination of the fracture 
surfaces indicated whether the mode of failure was adhesive or cohesive (see Section 
4.2.2.3). It should be noted that no statistical analysis can be done to evaluate the 
significance of the results due to the number of samples (three specimens) for each 
permutation of polymer and surface preparation.
5.1.1 Lap shear test results
The lap shear test results for each product evaluated are presented in Appendix C. 
Tables C-l to C -ll give the failure stress for each specimen and the mean failure 
stress for each of three specimens with the same permutation of polymer and surface 
preparation. The mode of failure (as defined in Section 4.2.2.3) was recorded as 
adhesive, cohesive or a combination of the two. Figures C-l to C -ll show mean 
failure stress plotted against surface preparation for each material tested. The range 
is shown as the maximum and minimum failure stress recorded.
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A summary graph comparing the lap shear test results for all products is shown in 
Figure 5.1. For each set of three specimens tested with the same combination of 
polymer and surface preparation the mean value for failure strength has been plotted. 
Figure 5.2 shows mean lap shear failure strength plotted against surface preparation 
for each material type i.e. where more than one product of a particular material type 
was tested, such as epoxy or silicone, the results have been averaged. It should be 
noted that the data points for each series have been joined for ease of interpretation 
rather than to indicate any assumed link between the degrees of surface preparation. 
A summary of the lap shear test results is presented in Table 5.1, where the 
maximum failure stress given is the mean for the best surface preparation for that 
material.
5.1.1.1 Failure strength
Figures 5.1 and 5.2 indicate that the epoxy, acrylic and phenolic resins had greater 
maximum strength at 24 hours than the other materials tested. The maximum failure 
strength at 24 hours (taken as mean strength for a given surface preparation) for heat 
cured epoxy (epoxy 5) was 7.25 MN/m2 (Appendix C-5), 5.67 MN/m2 for epoxies 
cured at ambient temperature (epoxy 3, Appendix C-3), 4.15 MN/m2 for phenolic 
(Appendix C-10) and 4.75 MN/m2 for acrylic (Appendix C -ll). The silicones and 
butyl rubber had low failure strengths, achieving maximum mean strengths at 24 
hours of 0.24 MN/m2 (silicone 2, Appendix C-6) and 0.18 MN/m2 (Appendix C-9), 
respectively. It should be noted that the silicone materials had not cured over the 
entire surface area when tested and the failure stress has been calculated using only 
the area that had cured. Cured material was determined as that which was solid to 
touch, whereas uncured material was similar in consistency to when applied.
5.1.1.2 Effect o f surface preparation
For the epoxy resins, mean failure strength for each surface preparation varied from 
between 0.25 MN/m2 (Appendix C-3) and 1.85 MN/m2 (Appendix C-l) for clay- 
coated specimens, to between 3.59 MN/m2 (Appendix C-l) and 7.25 MN/m2 
(Appendix C-5) for dry shotblasted specimens. In general, for epoxies failure stress 
increased with the degree of surface preparation in accordance with the ranking in 
Table 4.2. The difference between the failure stress for the epoxy specimens on the
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dry untreated surface and the epoxy specimens on the dry wire-brushed surface was 
less marked than for comparisons of other surface preparations. In some cases, the 
failure stress was lower for dry wire-brushed than for dry untreated. Epoxy 1 also 
had a high value for the mean failure stress for wet untreated specimens, 3.58 
MN/m2, when compared to the other results obtained for that polymer (mean failure 
stress varying from 1.85 MN/m2 to 3.59 MN/m2)(Appendix C-l). The range of 
results for each surface preparation varied for each epoxy product tested. For epoxies 
4 and 5, the spread of results was relatively small (Appendices C-4 and C-5). For 
epoxies 1 and 3 the spread was larger and more variable (Figures C-l and C-3). For 
epoxy 2 the spread was large for the dry shotblasted surface, and relatively small for 
the other surface preparations (Appendix C-2).
For the phenolic resin, mean failure stress varied from 0.72 MN/m2 for a clay-coated 
surface to 3.84 MN/m2 for a shotblasted surface (Appendix C-10). Strength 
increased with improved surface preparation except for a comparison of wet 
untreated and dry untreated. The failure stress recorded for the wet untreated surface 
was significantly higher than would have been expected when compared to other 
resins. The range of values for each surface preparation tested was small, with the 
exception of the clay-coated specimens (Appendix C-10).
For the acrylic resin, mean failure stress varied from 0.03 MN/m2 to 4.72 MN/m2 
(Appendix C -ll). The increase in failure stress for each degree of surface 
preparation was exponential. The range of results for each surface preparation was 
small.
For the silicones and butyl rubber, which showed much lower failure strengths, the 
degree of surface preparation was less significant. The range of values for failure 
strength was small for most of these products. It should be noted that the set of 
results for silicones 2 and 3 was incomplete owing to the volume of the product 
supplied by the manufacturers for testing. It was decided to use the.quantity 
available to assess the maximum failure strength possible, so three specimens each of 
shotblasted and wire-brushed surface preparations were tested, plus one additional 
specimen of an untreated surface with the remainder of each resin.
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Mean failure stress plotted against surface preparation for each product 
in the lap shear test.
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Figure 5.2 Mean failure stress plotted against surface preparation for each material
type in the lap shear test.
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Overall, failure strength was found to increase with improvements in surface 
preparation in most cases. The shotblasted surface was found to obtain the highest 
bond strength for all of the products tested. However, in practice it may not be 
possible to shotblast failed pipes in the field as there is a risk that particles of sand or 
metal would enter the pipe through the failure and contaminate the water supply. 
Water jetting the cast iron has been proposed by the author as an alternative method 
of surface preparation that would be less likely to contaminate the water supply. The 
phenolic resin and acrylic resin were therefore also tested with a water jetted surface 
preparation. The results are included in Appendices C-10 and C -ll. For water 
jetting it can be seen that similar but slightly higher values for mean failure stress 
were obtained than for shotblasting, i.e. 4.15 MN/m2 compared to 3.84 MN/m2 
(phenolic, Appendix C-10) and 4.75 MN/m2 compared to 4.72 MN/m2 (acrylic, 
Appendix C -ll).
5.1.1.3 Mode o f failure
The failure mode of each sample was observed and was determined as either 
adhesive (Figure 5.3), cohesive (Figure 5.4), or a combination (see Section 4.2.2.3). 
Combinations were recorded where the material had failed in adhesion in some areas 
of the sample, and the failure was cohesive in other areas. Adhesive failures were 
often started by peeling from one or both ends of the sample. Observations of the 
mode of failure for each product tested are given in turn below.
For epoxies 1 and 2 (Tables C-l and C-2) all failures were observed to be adhesive, 
demonstrating a lack of bond to the cast iron rather than a failure of the material 
itself. No elongation of the material before failure was apparent. The prevalence of 
adhesive failures suggests that the full potential strength of the material had not been 
reached and that further improvements in surface preparation could result in higher 
failure loads being achieved.
Epoxy 3 (Table C-3) showed adhesive failures for clay-coated surface preparations, 
adhesive or combined failures for untreated and wire-brushed surfaces and full 
cohesive failures for all three shotblasted specimens. For the combined failures, the 
cohesive element took the form of a thin layer of material remaining on part of the
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cast iron adherend after failure. For epoxy 4 (Table C-4) adhesive failures were 
observed for all clay-coated and untreated surface preparations. One of the wire- 
brushed specimens failed only in adhesion whilst the other two specimens failed in a 
combined failure mode. All of the shotblasted surfaces failed in a cohesive mode. 
The results for epoxies 3 and 4 suggest that the shotblasted surfaces are sufficient to 
provide a good bond between the polymer and the iron substrate and that the failure 
strength of the material was reached in each case.
Epoxy 5 (Table C-5) showed combined failures in the clay-coated and untreated 
(wet) preparations. After failure it was observed that the material had cured in a 
honeycomb-type matrix with numerous bubbles in the polymer (Figure 5.5), 
probably due to evaporation of water on the adherend surface during heat curing. 
Material had also been displaced at the sides of the specimens. For the dry surface 
preparations the mode of failure followed a similar trend to that observed for epoxies 
3 and 4, with adhesive failures for the lesser degrees of surface preparation and 
cohesive failures for the shotblasted surfaces.
For the silicones (Tables C-6 to C-8), the mode of failure tended to be adhesive for 
the weaker degrees of surface preparation and combined or cohesive failures for the 
better surface preparations. The occurrence of some cohesive failures for the silicone 
materials suggests that the maximum strength of the materials had been reached. For 
the butyl rubber (Table C-9) all of the specimens failed in adhesion by removal of the 
material from one or both of the adherend bars. However, the butyl rubber was 
highly elastic and exhibited severe elongation at failure, indicating that it is unlikely 
that a higher failure strength could be achieved with further improvements to surface 
preparation.
The phenolic resin (Table C-10) showed combination failures for wire-brushed, 
shotblasted and water jetted surface preparations, and adhesive failures for the 
remaining types of surface preparation. The combined failures took the form of 
removal of the material from both iron adherends in various places. The acrylic resin 
(Table C -ll) exhibited combined or cohesive failures for both shotblasted and water 
jetted surfaces, and adhesive failures for all other surface preparations. For both the
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phenolic and acrylic resins the results indicate that the failure strength of the 
materials was being reached at the higher degrees of surface preparation.
Figure 5.3 Lap shear test failure of epoxy 3 for a clay-coated surface, showing a
typical adhesive failure.
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Figure 5.4 Lap shear test failure of epoxy 3 for a shotblasted surface, showing a
typical cohesive failure.
Figure 5.5 Honeycomb-type matrix in cured epoxy 5 for a clay-coated surface (lap
shear test)
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5.1.1.4 Discussion
In order to understand the potential usefulness of the polymers tested as pipe repair 
systems it is necessary to compare the results obtained in the lap shear test with the 
strength requirements given in Table 3.1 of the generic test methodology. The lap 
shear test was designed to assess the adhesive strength of polymers for paste repair 
systems under pipeline bending and longitudinal loading (Section 4.2.2.1). The lap 
shear test failure strengths have been evaluated using Equation 4.1 to give an 
appreciation of the contact area required between the polymer and the iron pipe in 
order to sustain a minimum bending strength equivalent to 150 MN/m2 for iron pipe 
(see Table 3.1). The maximum strength obtained for each polymeric material has 
been used in the calculations. The pipe size has been taken as a nominal 100 mm 
internal diameter and 10 mm wall thickness. Table 5.2 presents values of the repair 
length, /, of the polymeric material that would be required around the full 
circumference of a pipe on each side of a fully circumferential failure (refer to Figure 
5.6). It should be noted that Table 5.2 is an approximate guide only, designed to 
assist in the selection of appropriate products for further testing.
From Table 5.2 it can been seen that a repair system comprising a polymer applied as 
a paste would require a minimum contact area of 0.19 m length around the full 
circumference of a pipe on each side of a fully circumferential fracture in a 100 mm 
diameter pipe. For the epoxies, phenolic and acrylic resins the contact lengths 
required vary from 0.19 m to 0.38 m. This range of values is considered by the 
author to be reasonable given the current excavation size of approximately 1 m in 
length. However, for the silicones and butyl rubber products the contact lengths 
required are all in excess of 5 m on each side of the failure. These products are 
therefore not considered viable pipeline repair solutions when used on their own as 
paste type repairs.
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Figure 5.6 Repair length, /, of polymeric material required around the full 
circumference of a pipe on each side of a fully circumferential failure.
Reference Max. failure stress 
(MN/m2)
Repair length (m)
Epoxy 1 3.59 0.38
Epoxy 2 4.17 0.33
Epoxy 3 5.67 0.24
Epoxy 4 4.48 0.31
Epoxy 5 7.25 0.19
Silicone 1 0.20 6.88
Silicone 2 0.24 5.73
Silicone 3 0.07 19.64
Butyl rubber 0.18 7.64
Phenolic 3.84 0.36
Acrylic 4.72 0.29
Table 5.2 Repair length, /, required around the full circumference of a pipe on each 
side of a fully circumferential failure for each product evaluated in the lap shear test, for 
a 100 mm diameter iron pipe with 10 mm wall thickness.
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5.1.2 Plate pressure test results
The plate pressure test results for each product evaluated are presented in Appendix 
D. The failure pressure for each specimen and the mean failure pressure for each of 
three specimens with the same permutation of polymer and surface preparation are 
given in Tables D-l to D -ll. The mode of failure was recorded as adhesive, 
cohesive or a combination of the two (see Section 4.2.2.3). Mean failure pressure is 
plotted against surface preparation for each material tested in Figures D-l to D -ll. 
The range is shown as the maximum and minimum failure pressure recorded.
Figure 5.7 is a summary graph showing the mean failure pressure plotted against 
surface preparation for each product tested. The mean results for each material type,
i.e. the averaged results for all epoxies and all silicones, are shown in Figure 5.8. 
Links between the data points for each series have been included for ease of 
interpretation rather than to indicate any assumed connection between the degrees of 
surface preparation. In Table 5.1 the maximum failure pressure given is the mean for 
the best surface preparation for that material.
It should be noted that in the case of the phenolic resin (Appendix D-10) the 
equipment required to carry out the plate pressure test was temporarily unavailable 
for use. In order to test the samples with a cure time of 24 hours an alternative 
pressure rig was used. However, this was only capable of applying a maximum 
pressure of 700 kPa. Some specimens failed within this value, and are recorded as 
such, but others withstood 700 kPa pressure and were not failed during the test. 
Unfailed specimens are marked in Appendix D-10 as ‘700+ kPa’ to denote that a 
higher failure pressure may have been achieved. In Figures 5.7 and 5.8 it was not 
possible to graphically indicate the unfailed samples, therefore the mean of the 
highest sustained or failure pressures has been plotted.
5.1.2.1 Failure;, strength
A review of Figures 5.7 and 5.8 indicates that the epoxy resins generally had greater 
maximum strength at 24 hours than the other materials tested. The maximum failure 
pressure sustained at 24 hours (taken as mean strength for a given surface 
preparation) was 4300 kPafor heat cured epoxy (epoxy 5, Appendix D-5) and 4200
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kPa for epoxies cured at ambient temperature (epoxy 1, Appendix E-l). The 
phenolic and acrylic products sustained mean maximum pressures of 700 kPa and 
800 kPa, respectively. The phenolic and acrylic products appear to have performed 
less well in the plate pressure test than in the lap shear test, when compared to the 
epoxies. However, it should be remembered that in the case of the phenolic resin the 
plate pressure test was carried out on an alternative low capacity pressure rig and 
many specimens were not failed. For the acrylic resin, it can be seen that a wide 
range of results was obtained for each permutation of surface preparation (Appendix 
D -ll). Considering individual test specimens, rather than mean values, the 
maximum failure pressure was 1500 kPa for the five main surface preparations (see 
Table 4.2). In addition, when tested on a water jetted surface a failure pressure of 
3900 kPa was recorded for one specimen.
The silicones sustained lower failure pressures, achieving a mean maximum pressure 
at 24 hours of 500 kPa (silicone 3, Appendix D-8). The butyl rubber performed 
poorly in the plate pressure tests, not withstanding any recordable pressure (i.e. 100 
kPa or above) for any specimens (Appendix D-9).
5.1.2.2 Effect o f surface preparation
The mean failure pressure for each surface preparation for the epoxy resins varied 
from between 400 kPa (Appendix D-2) and 1200 kPa (Appendix D-3) for clay-coated 
specimens, to between 1400 kPa (Appendix D-4) and 4300 kPa (Appendix D-5) for 
dry shotblasted specimens. In general, for epoxies the failure pressure increased with 
the degree of surface preparation in accordance with the ranking in Table 4.2, 
although this was more marked for epoxies 1 and 5 than for epoxies 2, 3 and 4 
(Figure 5.7).
In the case of epoxies 2, 3 and 4 the failure pressure increased in each case with the 
change from a clay-coated specimen to a wet untreated surface but the effect of 
subsequent improvements in surface preparation is less clear. For epoxy 2, a dry 
untreated surface gave a lower mean failure pressure than a wet untreated surface. 
The maximum pressure achieved was for dry wire-brushed and dry shotblasted (both 
at 2200 kPa), as would be expected. The maximum mean failure pressure for epoxy
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3 (2300 kPa) was achieved with a dry untreated surface, rather than with a wire- 
brushed or shotblasted specimen. For epoxy 4, the maximum mean failure pressure 
was for a dry wire-brushed surface (2000 kPa), and the mean failure pressure for a 
dry shotblasted surface was slightly lower (1400 kPa) than for a dry untreated surface 
(1500 kPa).
For the plate pressure test the range of results for each surface preparation were, in 
general, greater than for the lap shear test. For epoxies 1 and 2, the spread of results 
was relatively large, although in both cases the range was smaller for the clay-coated 
specimens (Appendices D-l and D-2). The spread of results for epoxy 4 was less and 
was similar for all degrees of surface preparation (Appendix D-4). For epoxies 3 and 
5 the range was smaller again, with the exception of the wet untreated surface for 
epoxy 3 (Appendix D-3) and the clay-coated and shotblasted surfaces for epoxy 5 
(Appendix D-5).
For the phenolic resin (Appendix D-10), the variation of mean failure pressure with 
surface preparation was difficult to determine due to the unavailability of the 
standard test equipment and reduced maximum pressure capability of the 
replacement apparatus. However, it can be seen that all of the samples tested with a 
dry untreated surface failed at below 500 kPa or 600 kPa, whilst for both the wet 
untreated and wire-brushed specimens no failures occurred i.e. all the samples 
withstood 700 kPa. This suggests that the degree of surface preparation for the 
phenolic resin may be less important than for other materials, although the results are 
inconclusive because of the difficulties encountered with the test apparatus. It is not 
possible to determine the range of values for each surface preparation tested as many 
samples were not failed. The dry untreated specimens are an exception where all 
three samples were failed with a range of 100 kPa (Appendix D-10).
For the acrylic resin, mean failure pressure varied from 100 kPa to 2400 kPa 
(Appendix D -ll). The mean failure pressure for the wet untreated specimens was 
higher than for the dry untreated specimens. The mean failure pressure for the water- 
jetted surface (used only for the acrylic and phenolic resins) was significantly higher 
(2400 kPa) than for any other degree of surface preparation. The range of results for
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each surface preparation was small, with the exception of the dry water-jetted surface 
which had a large range of results.
For the silicones the degree of surface preparation was less significant than for the 
other resins, due to the low failure pressures and incomplete results sets. It should be 
noted that, as in the lap shear test, only a proportion of the desired silicone specimens 
could be prepared due to the relatively small volume of resin supplied for testing. In 
the case of the butyl rubber no comparisons could be made on the effect of surface 
preparation as no specimens withstood a recordable pressure (100 kPa or above).
Overall, it can be seen that the specimens with a higher degree of surface preparation 
tended to achieve a higher failure pressure. However, this was not always the case, 
particularly in the weaker materials. The degree of surface preparation appears less 
significant in the plate pressure tests than in the lap shear tests. The phenolic resin 
and acrylic resin were also tested with a water jetted surface preparation (Appendices 
D-10 and D-l 1). For the acrylic resin a significantly higher mean result was obtained 
for the water-jetted surface (2400 kPa) than for the other degrees of surface 
preparation (800 kPa for shotblasted). Conflicting results were obtained for the 
phenolic resin where the water jetted specimens failed at less than 700 kPa'whilst 
specimens with other degrees of surface preparation remained unfailed at 700 kPa.
5.1.2.3 Mode o f failure
The failure mode of each plate pressure test specimen was determined as either 
adhesive, cohesive, or a combination (see Section 4.2.2.3). Adhesive failures were 
typified by the sheet of resin peeling off from the cast iron (Figure 5.9). For cohesive 
failures, a plug of material was forced out above the central pressure inlet (Figure 
5.10). Some samples failed in a combination of the two, where there was a partial 
peeling followed by a localised cohesive failure.
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Figure 5.7 Failure pressure plotted against surface preparation for all products tested
in the preliminary plate pressure test.
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Figure 5.8 Failure pressure plotted against surface preparation for each generic 
material type tested in the preliminary plate pressure test.
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For all the epoxies (Tables D-l to D-5) failure tended to be of a brittle nature, with 
no prior deformation observed. Adhesive failures took the form of the polymer 
lifting off from the iron substrate so that water was able to escape at the edge of the 
sample. Cohesive failures occurred when a partial or fully circular crack of 
approximately 10-25 mm was formed above the central pressure inlet. Cohesive 
failures were recorded most frequently, with the exception of one wet untreated and 
one dry untreated specimen for epoxy 1 (Table D-l), two clay-coated and one wet 
untreated specimens for epoxy 3 (Table D-3), two clay-coated specimens for epoxy 5 
(Table D-5) and all three clay-coated specimens for epoxies 2 and 4 (Tables D-2 and 
D-4). Overall, the mode of failure tended to progress from adhesive to cohesive with 
improvements in surface preparation.
It should be noted that for epoxy 3 some cohesive failures occurred in specimens 
with a polymer layer found to be below the design thickness, which may have 
contributed to the occurrence of a cohesive rather than adhesive failure mode. For 
epoxy 5, the clay-coated and wet untreated specimens were observed to form bubbles 
in the polymeric material during heat curing, as occurred in the lap shear tests (see
5.1.1.3). The voids within the material may have given rise to a greater propensity to 
cohesive failure than would otherwise have been expected.
For the silicones, no common mode of failure was observed. For silicone 1 (Table 
D-6), cohesive failures were recorded for most specimens, where a hole or small 
bubble occurring over the central pressure inlet. Adhesive or combined failures were 
recorded for one or two specimens of each of the dry untreated, wire-brushed and 
shotblasted surfaces, where severe elongation of the material was observed, in the 
form of a bubble (Figure 5.11). Adhesive failure was recorded if the growth of the 
bubble caused debonding of the material to the edge of the sample, as was the case 
for two specimens. Combined failure was recorded for two specimens where the 
bubble burst before extending to the edge of the sample area. For silicone 2 (Table 
D-7), the majority of failures took the form of severe elongation of the material as a 
large bubble. Three specimens were recorded as adhesive failures when the bubble 
caused debonding of the polymer to the edge of the sample area. One specimen 
failed after severe elongation when the bubble burst and was recorded as a combined
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failure. One specimen failed in cohesion with a crack over the central pressure inlet. 
For silicone 3 (Table D-8), all failures were cohesive and took the form of a small 
hole over the central pressure inlet.
All of the butyl rubber samples (Table D-9) exhibited severe elongation of the 
material in the form of a large bubble. In most cases failure occurred when the 
bubble burst and was recorded as a combined failure. In a few cases the bubble 
caused debonding of the polymer to extend to the edge of the sample area and such 
specimens were recorded as adhesive failures.
The phenolic resin (Table D-10) failed in a brittle manner. In most cases a combined 
failure mode was recorded where a crack occurred in the resin after some debonding. 
The shotblasted specimens failed due to cracking directly over the central pressure 
inlet without debonding (cohesive failure), indicating that the cohesive strength of 
the material under pressure loading had been reached. It should be noted that failure 
only occurred in a proportion of the total specimens tested due to the unavailability 
of the experimental equipment.
The acrylic resin (Table D-l 1) was observed to fail in a range of failure modes. For 
the clay-coated and untreated specimens failure was primarily adhesive, taking the 
form of debonding of the polymer to the edge of the sample area without any 
apparent strain occurring in the material. For the wire-brushed and some shotblasted 
specimens failure was recorded as combined, where some initial debonding occurred 
followed by cracking of the material. Cohesive failures, taking the form of a small 
hole or crack over the central pressure inlet, were recorded for some wet untreated, 
shotblasted and water jetted specimens. In addition, two water jetted specimens 
exhibited severe elongation of the polymer in the form of a large bubble before 
debonding caused adhesive failure. It is not understood why the acrylic resin 
exhibited strain in some cases but not in others at similar applied pressures.
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Figure 5.9 Plate pressure test failure of epoxy 5 for a clay-coated surface, showing a
typical adhesive failure.
Figure 5.10 Plate pressure test failure of phenolic resin for a water jetted surface, 
showing a typical cohesive failure with removal of the central plug of material.
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Figure 5.11 Plate pressure test failure of silicone 1 for a dry untreated surface 
showing a ‘bubble’ failure with large pre-failure strain in the test material.
5.1.2.4 Discussion
The results obtained in the plate pressure test can be compared with the pressure 
requirements given in the generic test methodology (Table 3.1) in order to assess the 
viability of the products when used as part of a pipe repair system. The target 
internal pressure resistance given in Table 3.1 is 2400 kPa. From Figure 5.7 and 
Appendix D it can be seen that epoxies 1 and 5 were the only products that withstood 
a mean pressure greater than 2400 kPa for a least one type of surface preparation. 
However, epoxies 2 and 3 achieved failure pressures in excess of 2400 kPa for one 
or more individual specimens, even though the mean values for each degree of 
surface preparation were less. Epoxy 4 had a failure pressure of 2300 kPa for one 
wire-brushed specimen. It is not possible to state the maximum failure pressure for 
the phenolic resin due to the number of unfailed specimens resulting from the 
inadequate capacity of the substitute test equipment. For the acrylic resin the 
maximum failure pressure for the standard degrees of surface preparation was 1500 
kPa. However, when water-jetted surfaces were tested a maximum failure pressure 
of 3900 kPa was achieved. The silicone and butyl rubber specimens all had failure 
pressures equal to or less than 500 kPa.
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5.2 Full-scale pressure test results
Following the preliminary lap shear and plate pressure tests, suitable products were 
pressure tested as full-scale pipe repairs. In the preliminary tests, the epoxies, acrylic 
and phenolic resins had all shown reasonable strength and pressure resistance (see 
Sections 5.1.1 and 5.1.2). Epoxy 1 was selected for full-scale pressure testing as the 
representative of all the epoxies as it achieved the best results for ‘good’ surface 
preparations in the plate pressure test and had achieved similar results in the lap shear 
test to the other epoxies. (Epoxy 5 also showed good results in the preliminary tests 
but it was decided not to pursue testing this material as it required heat curing.) At 
this point, the phenolic resin was tested for water quality compliance and failed (see 
Section 5.5); hence, no full-scale pressure tests were carried out. The acrylic resin 
was considered by the author as being less likely to present a water quality problem 
and so was carried forward to the full-scale pressure testing, with the intention of 
conducting water quality testing later in the test programme. The silicone and butyl 
rubber products were all removed from the test programme at this stage due to their 
low strength and pressure resistance in the preliminary testing.
During the preliminary testing the epoxy products were found to be difficult to apply 
due to their low viscosities. Therefore, calcium carbonate, an inert thixotrope, was 
added at 20% and 40% (per unit weight) proportions to epoxy 1 in the full-scale 
pressure tests to increase the viscosity and improve the ease of application. Product 
viscosity is discussed further in Section 5.4.
Bandage-type repair systems were added to the test programme at the full-scale 
pressure test stage. The polyurethane impregnated polyester bandage and tape 2 
were tested alone as complete repair systems. Tapes 1 and 2 and the hypalon 
material were tested in combination with paste-type repair products: butyl rubber was 
used under tapes 1 and 2 to form a seal; and epoxy 1 was used to adhere the hypalon 
bandage to the iron pipe.
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In summary, the products tested as full-scale pipe repair systems were (see also Table 
5.1):
• epoxy 1 paste (with 0%, 20% and 40% thixotrope addition)
• hypalon bandage with epoxy 1 adhesive
• acrylic paste
• tape 1 with butyl rubber seal
• tape 2 with butyl rubber seal
• tape 2 (alone)
• polyurethane impregnated polyester bandage
The results of the full-scale pressure test are given in Appendix F. A summary of the 
results is presented in Figure 5.12. It can be seen that epoxy 1 performed better than 
the other products. Two of the epoxy 1 test sections withstood an initial pressure of 
1200 kPa and then held 1000 kPa for 24 hours, thereby satisfying the requirements of 
the full-scale pressure test (Section 4.2.3). The unfailed sections were carefully 
removed from the PIRET rig and transported to the University of Surrey for bend 
testing. The other epoxy 1 test sections tended to exhibit brittle failure in the form of 
a full circumferential crack in the polymeric material, rather than debonding of the 
polymer from the iron pipe. The inclusion of a thixotrope in epoxy 1 does not appear 
to have affected the resistance to internal water pressure.
The acrylic test sections failed due to pinholes appearing in the material, rather than 
cracking. For tapes 1 and 2 the bond between the tape and the iron pipe failed. 
Where butyl rubber had been included as a sealant, this failed cohesively in addition 
to the tape failure. The polyurethane impregnated polyester bandage exhibited severe 
seepage through the bandage mesh at 150 kPa and no increase in pressure could be 
achieved due to the volume of water loss. It was observed that the polyurethane resin 
in the bandage was reacting chemically with the escaping water, suggesting a failure 
to apply the bandage correctly in the first place. For the hypalon bandage, the 
hypalon was observed to bulge under pressure and peel away from the epoxy resin 
adhesive.
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It was intended that suitable products showing adequate strength in the initial 
pressure, bending, shear and longitudinal strength tests would be subjected to higher 
internal pressures on a more substantial rig, to account for possible surge pressures in 
the network. However, in practice no suitable products were found during the initial 
phases of testing so further pressure tests at higher pressures were not carried out.
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Figure 5.12 Full-scale PIRET rig pressure test results showing the failure pressure 
for each product tested. The points denoted ‘x’ identify the two specimens that 
withstood an initial pressure of 1200 kPa and were then held at 1000 kPa for 24
hours without failure.
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5.3 Bend test results
Two repaired pipe sections from the full-scale pressure test phase were able to 
withstand the required pressure regime and remain intact (see Section 5.2). These 
same sections were then removed from the PIRET rig and transported to the 
Constructional Materials Laboratory at the University of Surrey for bend testing.
The results for bend testing are presented in Appendix F. Failure occurred as a 
circumferential crack in the epoxy resin material. An example of a repaired pipe 
section failed in bending is shown in Figure 5.13. Load is plotted against deflection 
in Figures F-2 and F-3. In both Figures F-2 and F-3 it can be seen that deflection 
increased with loading at a relatively constant rate. Failure was observed to be brittle 
with no evidence of a yield point. The samples failed at 7.25 kN and 9.40 kN load, 
with maximum deflections before failure of 0.41 mm and 0.50 mm, respectively 
(Tables F-l and F-2). Using Equation 3.2, the maximum bending stress was 
calculated as 18.4 MN/m2 and 26.6 MN/m2 for the two samples tested. The 
minimum bending strength requirement proposed in Table 3.1 of the generic test 
methodology is 150 MN/m2. Therefore, epoxy 1 falls short of this criterion when 
used in the manner described in this test programme.
Following the failure in bending of both samples of epoxy 1, no further testing was 
carried out.
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Figure 5.13 Failed bending test section of epoxy 1 (40% modified)
5.4 Crack bridging ability and interruption to the supply of water
The crack bridging ability of the polymers tested was dependent on their viscosity 
when being applied and their strength when cured (Section 4.2.5). The interruption 
to the supply of water to customers was determined by the cure time of products and 
their general ease of application. An appreciation of the crack bridging ability and 
affect on the interruption to the supply of water for the various polymers was 
determined by the author during the preliminary and full-scale pressure test phases.
All of the epoxies were observed to have relatively low viscosities. In the 
preliminary tests they could be applied successfully on horizontal bars and plates 
with little spillage and it was necessary to spread the material with a spatula. 
Epoxies 1 and 2 had the lowest viscosities of the epoxy products and were more 
prone to spillage from the iron adherends during placing than the other epoxies. In 
the full-scale pressure test the only epoxy to be tested was epoxy 1 (Section 5.2). 
The polymer tended to flow around the pipe circumference or drip through the crack 
in the pipe during application. It was found necessary to build up the polymer repair 
in several layers. A thixotrope, calcium carbonate (CaC02), was added to epoxy 1 in 
20% and 40% (by weight) proportions to increase the viscosity of the polymer. The
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addition of 40% thixotrope was found to be the maximum value that allowed the 
resin still to be easily manipulated whilst remaining in place on the pipe surface. The 
addition of a thixotrope was found to be moderately successful: the more viscous 
resin was somewhat easier to apply than the unthickened material and no apparent 
deterioration in strength was observed (Table E). However, successful application of 
the polymer around the full pipe circumference was found to be difficult to 
accomplish even with the addition of the thixotrope. One of the three pipe sections 
for each of the unmodified and 40% modified epoxy 1 batches failed during rig 
pressurisation due to poor application of the resin.
All of the epoxy products were found to cure sufficiently in 24 hours to withstand the 
highest applied loading of all the products tested. It is notable that epoxy 5, which 
was heat cured, achieved higher values for maximum lap shear strength and 
maximum pressure strength in the preliminary tests than the other epoxy products. It 
is therefore possible that improved curing, by longer cure periods, heat curing or the 
use of rapid hardeners, may give rise to improved strength performance over time in 
other epoxy products.
The silicone products were found to be more viscous than the epoxies and took 
longer to cure. The silicones were easily applied and tended to remain in place, 
although it is difficult to determine their true crack bridging ability as they were not 
tested on the full-scale pressure rig. Silicones cure by contact with air and in the lap 
shear tests only 6 mm (on average) around the edge of each sample was cured in 24 
hours. It is unlikely that the cure time of the silicones could be decreased as they 
were all one-part air cure products and as such there is no possibility of altering the 
formulation of a hardener or increasing the speed of chemical reaction by the 
application of heat.
The butyl rubber was a highly malleable solid material that could be cut to size and 
then moulded into shape. When used in conjunction with the tapes on the PIRET rig, 
it was found to be easy to apply and to bridge cracks of several millimetres well. 
There was no cure time associated with its use. One possible disadvantage to the use
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of butyl rubber directly over a pipe crack is that the material could be drawn into the 
pipe under negative pressure conditions.
The phenolic resin was observed to have a similar viscosity to the epoxy resins and 
appeared fully cured in 24 hours. It is not possible to comment on its crack bridging 
ability as it was not tested as a full-scale pipe repair.
The acrylic resin was found to be more viscous than the epoxy resins and phenolic 
resin, making it easier to apply as a full-scale pipe repair system. However, it was 
still necessary to build up the material in several layers and one of the three sections 
tested failed during pressurisation due to poor application of the resin. The acrylic 
appeared to have cured completely in 24 hours. It is notable that it was more elastic 
than the epoxies and phenolic once cured and that failure on the PIRET rig took the 
form of pinholes in the material rather than brittle failure around the pipe crack.
Overall, the epoxies were found to be difficult to apply across a crack without the 
addition of a thixotrope to increase the viscosity. The acrylic resin was more viscous 
than the epoxies but complete bridging of the crack around the full circumference of 
the pipe was still difficult. The tape and combined repair systems (tape plus butyl 
rubber, and hypalon with epoxy 1) bridged cracks of several millimetres easily, 
although it is possible that the resistance to negative pressure conditions may not be 
sufficient. The crack bridging ability of the silicones and phenolic resin is unknown 
as they were not tested as full-scale pipe repairs. However, from observations during 
the preliminary tests it seems likely that both silicones and phenolic resins would 
lack sufficient viscosity to avoid crack penetration. Once cured, epoxy 1 
successfully bridged cracks of several millimetres in width under internal pressure 
and applied bending loads. The acrylic resin, tape 2 and other combined repair 
systems were all able to bridge a crack of several millimetres under limited internal 
pressure loading.
With regard to the interruption to supply required for the successful application of 
each product, the epoxies were all found to have cured sufficiently in 24 hours to 
withstand significant loading. The ease of application of all the liquid polymer
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products (epoxies, phenolic, acrylic, silicones) was poor due to their low viscosities. 
It was difficult to see underneath the pipe sufficiently during application to ensure 
full coverage. On several occasions, this resulted in failures of the repair during 
pressurisation from uneven coverage. Solid materials, such as the butyl rubber and 
tapes were easier to apply and ensure full coverage.
5.5 Water quality
All of the products tested were already approved for use with drinking water in 
accordance with the Water Supply (Water Quality) Regulations 25 (l)(b) 1989, with 
the exception of the phenolic and acrylic resins. Due to concerns expressed by water 
quality experts (Colboume, personal communication, 1997) the phenolic resin was 
tested for water quality compliance early in the test programme, prior to full-scale 
pressure testing. The product was found to fail the initial taste and odour tests (BS 
6920:2000) and as such was considered unsuitable for use in contact with drinking 
water. No further strength testing was carried out.
The acrylic resin was not associated with a particular risk to drinking water quality 
(Colboume, personal communication, 1997). Water quality testing for the acrylic 
resin was therefore scheduled for later in the test programme than water quality 
testing for the phenolic resin. In practice, the acrylic resin was found to be unable to 
resist sufficient internal water pressure in the full-scale pressure test to be considered 
further as a water distribution main repair system (see Section 5.2) and no water 
quality testing was carried out for this material.
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6. D is c u s s io n
The objective of this work, stated in Chapter 1, has been to review current 
distribution main failure knowledge and apply this to the development of a generic 
specification and test methodology for distribution main repair systems. Novel 
polymeric distribution main repair systems have then been investigated as a case 
study. In this chapter, the findings of the work are discussed. In Section 6.1, current 
water distribution system knowledge and practice are considered, as determined from 
a review of the literature and FRAXCOM analysis in Chapter 2. A comparison is 
made in Section 6.2 of the generic distribution main repair specification and test 
methodology proposed by the author (Chapter 3) and current water industry repair 
system specifications and testing. In Section 6.3 the results and wider application of 
the polymeric repair system case study (Chapters 4 and 5) are discussed. A critique 
of the generic specification and test methodology, in the light of the case study, is 
presented in Section 6.4.
6.1 Current distribution main knowledge and practice
In Chapter 2 the literature on water distribution system leakage and mains failure was 
reviewed. Although historical development and current practice were well 
documented for many areas, it was found that information on some specific elements 
of network management was hard to obtain. Current leak location equipment and the 
future direction of leak location technology is an example of a field where the author 
has found little formal literature available. The historical evolution of distribution 
main repair systems is also not well documented. The scarcity of available literature 
may be because the development of leak location and pipe repair technology is 
largely a commercial activity with little academic input, resulting in trade 
announcements rather than academic papers.
The lack of information on repair clamp development may also be partially due to the 
piecemeal nature of their evolution and the absence of a comprehensive development 
strategy. This is highlighted by the gradual transition in the use of repair clamps as 
permanent rather than temporary repair solutions. Originally, pipe repair clamps
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were used as temporary repairs until permanent solutions, such as the replacement of 
the failed length of pipe, could be effected. However, over time, repair clamps have 
become considered a permanent solution, although the author has found no 
documentation or anecdotal evidence to suggest by whom and when this approach 
was adopted. No investigation of the effectiveness and durability of repair clamps as 
permanent repairs has been found by the author.
In order to develop novel pipe repair systems, it is necessary to understand the 
distribution of the population of pipe sizes, pipe materials and failure types which 
require repair. However, the author was unable to find data for the UK water 
industry in order to define these parameters. The most recent national review of 
pipeline sizes used in the UK (as a proportion of the total length of mains) was in 
1977 (DoE/NWC, 1977). The proportion of pipes in the UK of each material type is 
also currently unknown. From the author’s experience, pipe diameter and material 
information is based on water companies’ historical records, which may have been 
incorporated into network models as computerised systems become commonplace. 
Databases or models must be interrogated to capture pipe diameter and material data. 
The quality of the data is dependent on the original records and subsequent updates, 
including in many cases the transfer from a paper-based scheme onto a computer 
system. Errors may occur, for example, where particular pipelines have been 
replaced but this information has not been updated on the central record system.
An alternative source of data to network models and databases for investigating pipe 
diameter and material information are pipe repair records, for example the Thames 
Water FRAXCOM database used in the present work. Data collection and transfer is 
important in ensuring accurate computerised data, as discussed in Appendix A. The 
adverse effect of possible non-systematic errors in repair databases due to erroneous 
form filling and data entry can be reduced by including a large number of data entries 
in any analysis. Of more concern are any systematic errors which may affect the 
validity of the results of repair database analysis. For example, a particular problem 
that can arise when using the FRAXCOM database is the difficulty in distinguishing 
between cast, spun and ductile iron in the field. The three types of iron pipe have 
different strength properties but are difficult to distinguish visually. Although this
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was not an issue in the current work, as the external surfaces of all types of iron pipe 
are sufficiently similar for the same type of repair system to be applied to all, the 
possible different failure rates of various types of iron pipe may be important in 
targeting rehabilitation and replacement programmes.
It is important to recognise the limitations of specific data sources. In the present 
case, it should be remembered that the FRAXCOM database is a record of pipe 
repair, rather than pipe failure. Pipe repair field data is gathered only for those 
failures that have been identified i.e. failures resulting in visible leakage at the 
ground surface or leaks that are detectable by current leak location equipment. Other 
failures may go undetected and unrepaired, thereby not appearing in a pipe repair 
database.
6.2 Generic distribution main repair specification and methodology
The approach taken in Chapter 3 was to develop a generic specification and test 
methodology for all types of iron distribution main repair, by adopting general 
principles that could then be adapted to specific types of repair system. Current UK 
water industry guidelines for repairing iron pipes are specifically for mechanical 
repair clamps (see WIS 4-21-02:1994). The author has attempted to provide a 
framework in which novel or improved types of repair system may be developed, 
tested and compared. Within the generic specification, some performance criteria 
from current repair clamps have been adopted directly, other criteria have been 
expanded or altered, and some new criteria were proposed by the author.
The crack bridging ability and minimum interruption to the supply of water criteria 
are inherent in the design of current repair clamps but are not explicitly stated in 
present water industry guidelines. This is perhaps because repair clamps are the only 
available way of repairing failures at present (without replacing a section of pipe) and 
these two criteria are easily satisfied by clamps: a crack of several millimetres can be 
bridged and installation on an exposed pipeline may be effected rapidly. The 
inclusion in a generic specification of crack bridging ability and minimum
C laire Ashton  -  M P hil 183
C hapter 6  - D iscussion
interruption to supply is important as other types of repair system may not so easily 
satisfy these criteria.
Another performance criterion for new repair systems, durability, is not 
comprehensively included in the current specification for repair clamps for iron pipes 
(WIS 4-21-02:1994). The durability performance of repair clamps is presently only 
evaluated by the measurement of bolt-load relaxation, where the bolts on a repair 
clamp are progressively loosened (to simulate what is generally believed to occur 
over time) and the leakage from the elastomeric seal is monitored. Bolt-load 
relaxation may be considered a form of creep testing. In WIS 4-21-02 (1994) no 
measurement is made of repair system performance under fatigue loading, 
susceptibility to damage during handling, installation and use, or degradation due to 
the soil or water environment, except for the general requirement that the fitting 
should be protected against corrosion. The omission of comprehensive durability 
testing in the current specification for fittings for iron pipes (WIS 4-21-02:1994) is 
perhaps due to the lack of clarity as to the temporary or permanent status of metallic 
repair clamps.
Repair system flexibility was a new performance criterion investigated theoretically 
by the author. Within the water industry, flexibility in fittings or the pipe material 
itself is often cited as advantageous in reducing the propensity of pipelines to failure 
(Needham and Howe, 1982; Versanne, 1987). However, the author found no 
evidence that pipeline flexibility had previously been shown to be advantageous in 
the prevention of pipe failure. Flexibility under longitudinal loading (in particular 
thermal effects) may be of benefit in reducing pipeline stress, and flexibility in shear 
may be advantageous in geographical areas prone to soil displacements, such as 
earthquakes and landslips. The merit of repair system flexibility in bending was 
investigated theoretically by the author (Section 3.2.2). The results of the 
investigation are notable in that repair flexibility was found to give no net benefit 
under bending loads, and in some cases may cause an increase in bending stress 
further along the pipeline. These conclusions are contrary to the general water 
industry perception of flexibility per se as an advantageous criterion.
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The author considers that the development of a generic specification and test 
methodology for repair systems for iron distribution mains is important in allowing 
objective comparisons to made between different types of repair system. The generic 
specification provides performance criteria that may be applied equally to all types of 
repair. Specific tests pertinent to the materials and design of repair systems under 
evaluation, within the structure of the proposed generic test methodology (Section
3.3), may then be used to verify compliance with the generic performance criteria. 
The use of a generic specification with system-specific tests allows individual repair 
systems to be tested in the most appropriate way for their particular design whilst 
providing a means of benchmarking and comparison between different types of 
repair system.
The generic repair system specification proposed in Chapter 3 is intended in its 
current form only for iron distribution mains. However, the general principles could 
be applied to produce similar specifications for other types of pipeline. The 
requirement to achieve a watertight seal, the minimum interruption to supply, water 
quality approval and the minimum financial and environmental cost are applicable to 
all types of pipeline repair. The remaining performance criteria are considered by the 
author to be specific to the material of the pipeline under repair. The strength criteria 
require assessment for each different pipe material. Some materials, such as steel, 
are used in pipeline construction specifically for their high strength and any repair 
system would need to be of a similar strength in order to maintain the high 
performance of the pipeline. The crack bridging ability and versatility criteria would 
depend on the types of failure most frequently encountered for a particular pipe 
material. Repair flexibility may be considered unnecessary for pipeline materials 
that already have a high degree of inherent flexibility, such as polyethylene. 
Durability testing for all types of repair is likely to follow the general principles 
proposed by the author in Chapter 3 but particular issues, such as the interaction 
between the pipeline and repair materials, may be different for each pipeline material.
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6.3 Case study - polymeric repair systems
In the present work polymeric repair systems were investigated as an example of a 
possible novel approach to distribution main repair. In Chapter 4 specific tests were 
determined for evaluating the performance of paste and bandage type repair systems, 
based on the generic methodology described in Chapter 3. The results of the testing 
were presented in Chapter 5. In the following discussion, the conceptualisation and 
performance evaluation of the polymeric repair system case study are considered. 
Firstly, the pipe material and failure type parameters used to define the requirements 
of the novel repair system are discussed. Then the results of the test programme are 
considered, including the effect of surface preparation on bond strength, the modes of 
failure observed, the size of bond area required, viscosity, cure time and the overall 
suitability of each product as a repair system.
The approach taken in the current work has been to develop a distribution main 
repair system for the most commonly encountered pipe failure type and pipe material 
in the Thames Water area i.e. circumferential fractures in iron pipes. Circumferential 
fractures in iron pipes account for at least 52% of total distribution main failures 
(Figures 2.8 and 2.11, see also Sections 2.4 and 2.6). Other iron failure types 
(longitudinal fractures, holes, joint failures, ferrule failures and damage) account for 
over 20% of the remaining failure records in FRAXCOM (Figures 2.8 and 2.11). 
For types of iron failure other than circumferential fractures, similar types of repair 
system may be applicable. This is particularly the case with small corrosion holes 
where the failed area to be bridged by the repair system may be similar in size to the 
nominal crack width determined for circumferential fracture repairs. It is possible 
that the use of paste or bandage systems may permit sufficient versatility to allow 
joints and ferrules to be repaired using the same repair system as that used for 
circumferential cracks and small corrosion holes. It is likely that large corroded areas 
and longitudinal fractures would still require cutting out and replacement of a length 
of pipe, in the latter case to prevent crack propagation.
The first phase of polymeric repair system evaluation carried out was preliminary lap 
shear and plate pressure tests on cast iron samples (Sections 4.2.2 and 5.1). Tests on
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full-scale pipe sections were then carried out for all products that had shown 
sufficient strength during the preliminary testing phase (Sections 4.2.3, 4.2.4, 5.2 and
5.3). The preliminary laboratory tests were found to be useful in swiftly assessing 
the performance of products and eliminating those unsuitable for further evaluation. 
They also allowed testing of multiple specimens on the PIRET rig of each product so 
that the effect of surface preparation and mode of failure could be investigated; each 
set of three full-scale samples took three days to assemble and test, making it 
prohibitive to test up to fifteen samples of each product, as was done in each 
preliminary test.
In the preliminary tests, the effect of substrate surface preparation on failure strength 
was investigated. Figures 4.9 to 4.12 showed SEM images of the different surface 
preparations used and gave an indication of the potential for improved adhesive 
bonding with a reduction in loose corrosion deposits. Overall, for both the lap shear 
and plate pressure tests the maximum failure strength of a product tended to increase 
with the degree of surface preparation. In particular, shotblasting and water jetting of 
iron surfaces were found to result in higher bond strengths than wire-brushing, but 
these techniques may be difficult to implement in the field under site conditions. No 
increase in failure strength with the degree of surface preparation was observed for 
the silicone and butyl rubber products because the failure strength was so low that the 
degree of surface preparation had little effect.
The mode of failure of each specimen was recorded for the lap shear and plate 
pressure tests as adhesive, cohesive or a combination (as these terms were defined in 
Section 4.2.2.3). For most products the mode of failure progressed from adhesive to 
cohesive with increasing surface preparation for both the lap shear and plate pressure 
tests. It is notable that for epoxy 5, cohesive failures were recorded for all clay- 
coated and wet untreated specimens in the lap shear test and two clay-coated 
specimens in the plate pressure tests, whereas an adhesive failure may be expected 
for such poor surface preparation. It is believed that the water present on the surface 
of the adherends turned to vapour during heat curing and formed bubbles within the 
polymer. This weakened the material and caused cohesive failure at relatively low 
loads. The likely presence of water on the surface of a failed water pipe would
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reduce the effectiveness of any polymer repair product requiring heat curing. This 
suggests that if heat curing was to be used in the field, the product should be applied 
to a completely dry pipe surface. It is unlikely that a completely dry surface could be 
achieved under typical site conditions so the author proposes that any products 
requiring heat curing should be avoided in future evaluations.
For each product tested the repair length required to achieve a sufficient adhesive 
bond either side of a circumferential fracture to resist failure in bending in a 100 mm 
diameter cast iron main was calculated (Section 5.1.1.4). The repair length required 
was found to range between 0.19 m for epoxy 5 to 19.64 m for silicone 3. The author 
suggests that by increasing the bond length and material thickness of the polymeric 
repair system components to greater than those dimensions used in the case study 
some increase in strength may be achieved. Whether this is sufficient to meet the 
performance requirements in Table 3.1 is undetermined.
The viscosity of most of the paste-type products tested was found to be detrimental to 
their use in the field. In most cases the liquid polymer dripped through the 
circumferential crack or flowed around the pipe circumference. Modification of 
epoxy 1 with a thixotrope increased the viscosity to a more workable level but the 
repair still had to be built up in layers. Application of bandage-type repair systems 
was easier. Some bandage systems were solid products (such as the tapes and butyl 
rubber) which were wrapped around the pipe circumference with relative ease and 
did not require curing. Other bandage systems used a resin to adhere a solid material 
over the crack. In these cases, the resin tended to stay in place as it was held by the 
solid bandage. It is unfortunate the none of the bandage systems showed sufficient 
strength to pursue further as they were the easiest systems to apply. There is perhaps 
scope for further development of bandage systems using alternative materials.
All of the polymeric products tested cured within the allotted 24 hour period, with 
the exception of the silicone products. Most of the products appeared to have gelled 
(become stiff to the touch) within a few hours but their strength and effect on water 
quality at less than 24 hours was undetermined. None of the products could be 
applied under positive water pressure in a live water main due either to the liquid
C laire Ashton - M P hil 188
C hapter 6  - D iscussion
nature of the resin, or to the need to provide a dry surface for the product to adhere 
to, or both. This is a significant disadvantage when comparing polymeric repair 
systems with current repair clamps, which may be applied under positive water 
pressure.
Overall, no products were found to perform adequately as repair systems when 
constructed in the manner tested in this study. In the full-scale tests, epoxy 1 showed 
the greatest strength of the materials tested but failed to achieve the required 
performance criteria for positive internal water pressure or bending stress (Table 3.1). 
The epoxy repairs tended to fail in a brittle mode with a sudden complete 
circumferential fracture. The acrylic resin was the second strongest material tested. 
The acrylic repairs showed a greater degree of flexibility than the epoxies during 
PIRET rig pressurisation and failed due to pinholes appearing in the material. The 
phenolic resin was found have a significant, adverse effect on water quality and could 
not be developed further as a distribution main repair system. Silicones are 
considered by the author to be wholly unsuitable as pipe repair products due to their 
low strength and long cure time, which cannot be improved upon.
The ideal paste repair system is perhaps based on a material with a strength equal to 
or greater than the epoxies tested but with the flexibility of an acrylic. However, for 
polymeric products the difficulty in application encountered and cure time 
requirement significantly affect their prospective use as repair systems. Bandage- 
type repair systems may be more effective than paste systems due to the greater 
mechanical strength supplied by the bandage material. Bandage systems with water 
reactive adhesives are particularly favourable. An alternative solution would be to 
develop a system employing something similar to the butyl rubber tested. This 
material had the advantage of being easy to apply, having no cure time and being 
versatile enough to be applied to a variety of failure types. The development of such 
a system would require a stronger or reinforced butyl rubber as the low strength and 
large elongation of the butyl rubber tested restricts its further use.
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6.4 Critique of generic specification and test methodology
In the light of the polymeric repair system case study investigated by the author, it is 
possible to appraise the generic specification and test methodology proposed in 
Chapter 3. The relative importance of the various performance criteria is discussed 
first. Difficulties encountered in determining the specific performance measures 
against which to assess a novel repair system are then considered. Finally, the ease 
with which adherence to the performance criteria can be assessed in practice is 
discussed from the experience of polymeric repair system testing.
In Chapter 3, the ten performance criteria proposed by the author (Table 3.1) were 
not prioritised. However, in the light of the author’s experience of pipe repair system 
installation and testing it is possible to discuss the relative importance of the various 
criteria. Certain criteria, notably the ability to maintain a watertight seal, crack 
bridging ability and water quality compliance, are essential to the performance of a 
repair system. No repair system could reasonably be used, even in the short-term, if 
the leakage of water from the failure could not be stopped, either due to inadequate 
sealing on the pipe surface or because of inadequate crack bridging ability, or if 
water quality requirements were not met.
The importance of other criteria, namely strength and durability, may in practice 
depend on the performance expected from the pipeline during its remaining life. The 
strength requirements of a novel repair system could possibly be less than those 
proposed by the author (Table 3.1) if the pipelines typically undergoing repair were 
severely degraded and unable themselves to sustain such loads. Durability 
requirements are dependent on the expected life of the repair system; if the repair is 
intended only as a temporary measure then the durability criterion may be less 
rigorously imposed than is recommended in Chapter 3.
For performance criteria requiring a minimum possible value to be achieved, such as 
the minimum interruption to supply and minimum financial cost, absolute adherence 
is perhaps dependent on achieving a balance with other performance criteria. For 
example, one may be prepared to accept an interruption to supply or financial cost
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above the minimum possible in order to facilitate an improvement in the strength of 
the repair system. Finally, versatility, flexibility and minimum environmental cost 
were new performance criteria proposed by the author. As such, their inclusion in a 
repair system specification is desirable rather than essential as currently pipeline 
repair is enabled without these three performance criteria.
When determining specific measures against which to assess repair system 
performance, some difficulties were encountered by the author. For example, in 
order to define the crack bridging ability required of a repair system it was necessary 
to determine the typical width of crack found in circumferentially fractured pipes. 
No previous study of the magnitude of crack displacements could be found. The 
author was able to carry out a review of photographic evidence collected by Thames 
Water to arrive at an average crack width for the purposes of this work (see Section 
2.6). It is proposed that further work should be carried out to investigate more fully 
the direction and magnitude of circumferential crack displacement to enable a greater 
understanding of the stresses causing pipe failure and the requirements of repair 
systems.
It was also found to be difficult to determine a specific performance measure for each 
strength parameter. Pipe failure data was used to determine the typical strength in 
bending of iron pipe but the author found no equivalent data was available for shear, 
longitudinal or hoop strength. Therefore, strength measures were obtained from 
several sources, i.e. longitudinal strength was determined by calculating theoretical 
loading, shear strength was taken from pipe joint requirements and internal pressure 
requirements were adopted from the current repair clamp specification (Table 3.1).
From the practical experience of pipe repair system testing it is possible to review the 
facility with which the proposed performance criteria may be evaluated. Some 
performance criteria were assessed with relative ease. For example, standard tests 
and experimental equipment were available to facilitate water quality compliance and 
some strength testing. However, other performance criteria were more difficult to 
evaluate, such as the crack bridging ability of a repair system. During full-scale 
polymeric repair system testing on the PIRET rig, it was unclear whether failure
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under internal water pressure was due to the inherent weakness of the material or 
because of difficulties in applying the product sufficiently well over a crack of 
several millimetres.
In summary, a generic specification and test methodology for the evaluation of novel 
water distribution main repair systems has been proposed. Novel polymeric repair 
systems have been investigated as a case study, following the generic specification 
and test methodology. In addition, the testing carried out has allowed the difficulties 
in assessment of some of the performance criteria to be identified and has permitted 
discussion of possible prioritisation of the performance criteria.
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7. C o n c l u s io n s
From the present work, conclusions may be drawn regarding the repair of localised
failures in iron water distribution mains:
• From a review of current practice, it was found that repair systems for 
circumferential fractures and small corrosion holes in iron distribution mains are 
typically based on mechanical compression of an elastomeric gasket by means of 
a bolted metal clamp. The historical development of repair clamps has been 
piecemeal in nature and no previous fundamental review of pipe repair practice 
has been found by the author. Repair clamps were originally considered to be a 
temporary solution prior to cutting out and replacement of a complete section of 
pipe around the failure site, but are now used as a permanent repair technique. 
Current water industry performance and testing specifications are particular to 
mechanical clamps. No generic specification and test methodology is available to 
guide the development and testing of novel water distribution main repair 
systems.
• Pipe repair records have been analysed to identify patterns of distribution main 
failure. The Thames Water FRAXCOM database has been used to determine the 
most frequent pipe size, material and failure type requiring repair. For all material 
types, 91.2% of failures occurred in distribution mains (75-160 mm diameter). 
Failures were found to occur more frequently in iron distribution mains than in 
other material types, probably due to the predominance of iron in the distribution 
system. For iron distribution mains, 65.0% of failures were recorded as 
circumferential fractures. Overall, circumferential fractures in iron pipes account 
for approximately 52% of distribution main failures in the Thames Water network 
for all material types. The predominance of circumferential fractures in iron 
distribution mains in the data analysed is consistent with the findings of other 
water utilities.
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• A generic specification and test methodology for repair systems for iron 
distribution mains has been proposed by the author. The specification is 
principally applicable to repairs for circumferential fractures and small corrosion 
holes. Within the generic specification, some performance criteria inherent in 
current repair clamps have been adopted directly, other criteria have been 
expanded or altered, and certain new criteria were proposed by the author. 
Specific performance measures were proposed for each criteria that are applicable 
to all types of repair system for circumferential cracks in iron pipes. Performance 
criteria inherent in current repair clamps and adopted or altered as part of the new 
generic specification were:
(i) Watertight seal
(ii) Strength
(iii) Crack bridging ability
(iv) Minimum interruption to supply
(v) Water quality approval
(vi) Durability
(vii) Minimum financial cost
New performance criteria proposed by the author were:
(viii) Versatility
(ix) Flexibility
(x) Reduction in environmental impact
Five specific performance measures were determined for the strength criterion: 
bending, shear, longitudinal load, positive internal water pressure and negative 
internal water pressure. For the durability criterion it was proposed that repair 
systems should be resistant to: fatigue, creep, poor handling and installation, 
accidental damage, moisture, chemical attack and biological attack.
• The effect of repair system flexibility on pipeline stress was investigated 
theoretically. It was found that whilst flexibility under longitudinal and shear 
loading may be advantageous, repair flexibility in bending has no advantage over
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rigid repair systems and may in some cases be detrimental to the magnitude of 
bending stresses induced along the pipeline.
• Two main types of repair system were identified by the author: those effecting a 
watertight seal by mechanical compression of an elastomeric gasket, and those 
forming a seal by chemical bonding to the iron substrate. Current repair clamps 
are included within the former group. Repair systems employing chemical 
bonding are not presently in common usage within the UK water industry. It was 
proposed that chemical bonding could take the form of complete encapsulation, 
application of a paste-type material locally over the failure, or application of a 
bandage around the failed pipe section.
• Novel repair systems effecting a watertight seal by means of chemical bonding to 
the iron substrate have been investigated under the proposed generic specification 
and test methodology. Existing polymeric products (typically designed for other 
water industry applications than pipe repair) were selected for testing as a case 
study. Paste and bandage-type repairs were investigated. A specific test 
programme was developed for evaluating novel polymeric repair systems. 
Preliminary tests were included for swift evaluation and elimination of paste 
repair products. The PIRET rig was designed by the author for full-scale positive 
internal water pressure testing of paste and bandage repairs.
• None of the products investigated were found to be suitable as water distribution 
main repair systems when used in the manner described in this thesis. Epoxy 
resins were found to be the strongest of the materials tested, withstanding a 
positive internal water pressure of 1200 kPa and a maximum bending stress of 
26.6 MN/m2. The acrylic resin was also found to be relatively strong and 
appeared to be more flexible than the epoxy resins. Increased repair thickness and 
bond length could improve the failure strengths of the products tested.
• The viscosity and cure time of most of the products tested were found to be 
detrimental to their use as repair systems. The viscosity of all the paste products 
tested on the PIRET rig was such that the liquid polymer tended to drip off the
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pipe surface or into the fracture. The nature of most of the products evaluated 
necessitate that a water main be depressurised whilst the polymer is applied and 
cured. This is contrary to current water industry practice, where many repairs are 
carried out under low positive water pressure to negate the need to rechlorinate a 
main before returning it to service.
• Overall, paste type repair systems are not recommended for further development 
as iron water distribution main repair systems due to their low strength and the 
difficulties encountered in their application. However, bandage-type systems 
could perhaps be investigated further.
• The effect on bond strength of the type of preparation of the cast iron surface was 
investigated during the preliminary polymeric repair system tests. Six types of 
surface preparation were used: clay-coated, wet untreated, dry untreated, dry wire- 
brushed, dry shotblasted and dry water jetted. It was found that, in general, bond 
strength increased with the degree of surface preparation. In particular, 
shotblasting and water jetting of iron surfaces were found to result in higher bond 
strengths than wire-brushing, but these techniques may be difficult to implement 
in the field under site conditions.
In summary, a generic specification and test methodology has been proposed for the 
development and evaluation of repair systems for iron water distribution main 
failures. Novel polymeric repair systems have been assessed in accordance with the 
generic specification and test methodology. Although none of the products tested are 
considered suitable for use as pipe repair systems in the manner described in this test 
thesis, it has been possible to successfully apply and evaluate the proposed generic 
specification and test methodology.
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A p p e n d ix  A  - T h a m e s  W a t e r  F r a x c o m  D a t a b a s e
Thames Water Utilities Limited collect data for each distribution main failure that is 
identified and repaired. A database of pipe repair records since July 1990 is held 
centrally on computer. At present, the data collection procedure is carried out using 
paper forms. An example of the Fractured Main Reporting Form is found in Figure 
A-l. The form is split into two parts. The top section of the form, detailing the pipe 
location and date of repair, is completed by a Thames Water Network Technician 
(direct labour employed to carry out network operations such as valve shuts). The 
contractor carrying out the repair work completes the more detailed bottom section of 
the form. This includes information regarding the nature of the failure, the condition 
of the main, and the type of repair effected. The two parts of the form are then 
collated and transferred onto the computer database, known as FRAXCOM.
The use of paper forms relies on the personnel involved to complete them efficiently 
and return them to the database manager in a timely manner. It is possible that not 
all information is collected promptly and that, like any paper-based system, the 
database will not be 100% complete. When hand held computers are introduced 
instead of paper forms for data collection on site, observations will be time-flagged 
and this should improve the quality of the data.
In the analysis carried out for Figures 2.7, 2.8 and 2.11, the data used is from July 
1990, when the database was formed, until April 1998. The total number of pipe 
failures included in the analysis is 41 649.
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FRACTURED MAIN REPORT
SECTION A
District
Sub—District
268B09
JMS District No. Date of Inspection
House name.number Jms wk req no
Street JMS job co d e
Town Grid ref:
P o stco d e PRESSURE ZONE
PROBLEM BURST VISIBLE LEAK HIDDEN LEAK
WAS THE FAILURE ASSOCIATED WITH VALVE OPERATIONS OR PUMPING CHANGES (Y/NV
IF  T H IS  B U R S T  C A U SE D  A N  IN T E R R U P T IO N  T O  SU PPLY  O R  LO W  P R E S S U R E  O F  M O R E  T H A N  1 H O U R  
T H E N  T H E  S E C T IO N  B EL O W  M U S T  B E C O M PL E T E D  B Y  N ET W O R K  SE R V IC E S
INTERRUPTION TO SUPPLY 
Was this burst caused by a third party fr~ ll
LOW PRESSURE 
Name of Third Party li
please tick 
appropriate box
Properties affected 
(If different from above)
Main
Sizefmmt
Incident started
Resolved
Duration
TIME DATE
TIME DATE
HOURS □ r
Lowest recorded pressure m.HD 
Average operating pressure m.HD 
Statutary m.HD
[=□
How m any properties affected How many prop affected
by interruption to supply  _____________ _ ____ _____________________ by low pressure
Of these how many have p _______________j|. Of these how many have
been already reported this year ~ been already reported this year
NAME: JOB TITLE: SIGNATURE:
SECTION B I BURST (Failure of pipe structure) JOINT FAILURE OTHER LEAK
JMS WORK REQUEST NO. | | JMS JOB CODE
Date work started I Time work started
Date work completed ] Time work finished
P I P E .......! MAINS SIZE I mm/ins DISTANCE FROM BOUNDARY LINE m etres
DEPTH OF COVER m etres
M A T E R IA L
1 .CAST IRON 12.SPUN IRON 3.DUCTILE IRON 4.UPVC 5.MDPE I 6.A/C 7.STEEL I
B.OTHER SPECIFY
JO IN TIN G
1.LEAD I 2.SCREWED GLAND [3EOLTED GLAND [4.TYTON TYPE 5.FLANGED
6.SOLVENT WELDED I7.NOT VISIBLE 8.ELECTRICAL MDPE I 9 .OTHER SPECIFY
F A IL U R E  TYPE
1 .LONG FRACTURE [2.TRANSVERSE FRACTURE I3.HOLE 4 .JOINT
5. PIPE FAILURE AT FERRULE |6X)AMAGE
7.QTHER LEAKS e.g . communication pipe.ferrule,valve gland etc. please specify
IN T E R N A L  P RO TE C TIO N
1 .BLACK IT c e m e n t  m ortar 3.UNSEEN 4.0THER SPECIFY
E X T E R N A L  PRO TEC TIO N
1.BLACK I2P0LYTHENE I3CATHODIC 4.DENSO WRAP
V ISIBLE  SIG N S O F D E T E R IO R A T IO N
5.OTHER SPECIFY
1 .NONE [2.EXTERNAL PITTING 3.INTERNAL PITTING U.IS LINING BLISTERED
5.0THER SPECIFY
IN T E R N A L  C O N D ITIO N  O F M A IN  -  Scale or o ther deposits
’ TICK BOX THAT RESEMBLES THE INSIDE OF THE PIPE
o.
o .
CP.
EXTERNAL CONDITION OF MAIN
1 .POOR I 2 .FAIR 3.GOOD
e E T H O l J O F E E P A I R  ! 1 . s p l i t  c o l l a r | 2.PIPE & COLLAR 13.WELD 14.0THER
N A T U R E  OF SU R RO U N D IN G  G RO U ND
1.CLAY 12.SAND/GRAVEL I3.ROCK 4.CHALK I 5.MADE UP I 6.SOIL I 7.OTHER
IMPORTED BACKFILL ! 1. SAND 2. GRAVEL 13. NONE |
Person making report(for C & S ) : ........................
s ignature:
1 -  Section A to  b e  com pleted  by Network Services and top(white) copy se n t to Information & Perform ance
2 -  Section B to be com pleted by Contract & Services and  copy se n t to  Information & Perform ance.
3 -  Attach sketch of precise  location of burst to  the Information & Perform ance’s  copy of th is form.
COPIES TO : INFORMATION TEAM,LONDON CONTROL CENTRE,HAMPTON PS539IA Produced by Reprographics
Figure A-l Fractured main reporting form
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A p p e n d ix  B  - R e p a ir  F l e x ib il it y  A n a l y s is
Repair flexibility is analysed by application of the theory of beams on elastic 
foundations, using the discrete Winkler approach (Hetenyi, 1946). The function X, 
the characteristic of the system (Equation 3.1), is required for all calculations based 
on the theory of beams on elastic foundations (Hetenyi, 1946). This includes 
evaluation of the soil properties and pipe section characteristics. In addition, the 
length of pipeline under consideration and the type of loading determine the 
particular equations used. These factors are discussed in turn below.
The modulus of subgrade reaction, k, is a measure of the soil properties. 
Approximate values of k range from 4800 kN/m3 for very loose sand, to between 
12,000 kN/m3 and at least 48,000 kN/m3 for clay, up to 128,000 kN/m3 for very dense 
sand (Bowles, 1982). Clay soil and made ground are the most common backfill 
materials for old cast iron pipes in the London area. Made ground is not included in 
the published values for the modulus of subgrade reaction and specific plate loading 
tests would have to be carried out. In addition, made ground by its nature varies 
considerably in its properties. As this analysis is for comparative purposes, absolute 
values of k  are not necessary and an approximation is sufficient. Therefore, the mean 
value for the modulus of subgrade reaction for clay, 30,000 kN/m3 (Bowles, 1982), is 
used in the theoretical calculations.
The modulus of elasticity, E, for cast iron varies from 46 GN/m2 to 152 GN/m2 
(Talbot, 1926; Angus, 1976). A value of 100 GN/m2 is used here as a general 
approximation. The second moment of area, I, has been calculated for a 100 mm 
diameter pipe, the most common size of distribution main (see Section 3.1). The 
Thames Water Pipe and Soil Technical Archive (PASTA) database was used by the 
author to determine the range of wall thickness for 100 mm (4”) diameter cast and 
spun grey iron pipes. Wall thickness was found to vary from 6.24 mm to 16.21 mm. 
A wall thickness of 10 mm has been used as a general approximation. A value for I  
of 5.27 x 10'6 m4 has been determined, where 100 mm is taken as the internal pipe 
diameter. The pipe external diameter, i.e. beam width, b, is equal to 120 mm.
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Using Equation 3.1, the characteristic of the system, X, can be calculated from the 
variables determined above as
X = 1.143 m'1
The length of pipeline, /, between supports i.e. joints, thrust blocks etc., must be 
known in order to determine the most appropriate method of analysis (see Section 
2.6.1.3). Short beams may be analysed by simple statics and are defined as those 
where XI < 0.60. This gives a pipe length, / < 0.525 m, which is shorter than any 
distance between joints and therefore inappropriate for use in this evaluation. 
Medium beams are those where 0.60 < XI < 5.00, equating to 0.525 m < I < 4.374 m. 
This range includes the typical pipe stick length (distance between joints) of 4 m (12 
ft)(BS 1211:1958). Pipe sections identified as ‘medium’ in length, such as typical 
pipe sticks, are analysed as finite beams (see Section 2.6.1.3). Long beams are 
defined as those where XI > 5.00, which is equal to / > 4.374 m. Analysis of 
pipelines between junctions (rather than joints) may therefore be evaluated by 
approximation of the pipeline as infinite in length. In the analysis below, only the 
case of loading between pipe junctions is considered. This is because any advantage 
gained by the reduction of bending moments on short pipe sticks will have limited 
application in the case of novel pipe repairs due to the proportionally small number 
of repaired sections to un-repaired lengths. In the following examples, the beam 
length is taken as 40 m to represent a typical distance between pipeline junctions.
B .l Point loading
Hetenyi (1946) gives formulae for the analysis of beams under point loading. 
Analysis of an infinite beam models the bending moment distribution for a pipe 
repaired with an ultimately rigid device (Figure 3.4). Evaluation of two semi-infmite 
beams is used to model a pipe repaired with an infinitely flexible component (Figure 
3.5). These two scenarios are then compared to evaluate the benefit of flexible over 
rigid repairs for cast iron pipes under point loading.
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The bending moment distribution for an infinite beam subjected to point loading is 
given by:
P  \ rM  = —  e (cosAx- sin Ax) (B.l)
where P  = point load 
A = 1.143 m'1
x = distance along the beam from the point of loading
For a semi-infinite beam, the bending moment distribution for point loading is given 
by:
P  »M  = -  — e sin Ax (B.2)
A
B.2 Uniformly distributed loading
The equations necessary to evaluate the effect of uniformly distributed loading on 
buried beams are given in Hetenyi (1946). As for the point loading case, an infinite 
beam is used to model the bending moment distribution for a pipe repaired with an 
ultimately rigid device (Figure 3.4). Two semi-infinite beams are used to evaluate 
the case of a pipe repaired with an infinitely flexible component (Figure 3.5).
The bending moment distribution in an infinite beam subjected to uniformly 
distributed loading is given by the following three equations, depending on the 
distance along the beam (see Figure B.l).
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a < b >
C
H i l t
V ^  
1 1 1 1 1 1 1 1
a
**------------b
C
c) H H H H I H H
b
c
Figure B.l Distance along the beam for the calculation of bending moments under 
uniformly distributed loading (after Hetenyi, 1946), where the point of calculation, 
C, is under the area of loading (a), to the left of the area of loading (b) or to the right
of the area of loading (c).
Underneath the uniformly distributed load:
M  = - ^ { e - %asm \a  + e~u smXb) (B.3)
where q = uniformly distributed load (kN/m)
X = 1.143 n r1
a = distance along the beam to the left end of the udl (m) 
b = distance along the beam to the right end of the udl (m)
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For the bending moment distribution to the left of the uniformly distributed load:
M  = s mXa -  e~Xb sm \b)  (B.4)
For the bending moment distribution to the right of the uniformly distributed load:
M  = (e~Xa sin Xa- e~h sinXb) (B.5)
For a semi-infinite beam, the bending moment distribution for uniformly distributed 
loading is given by two equations, depending on the distance along the beam. 
Underneath the udl:
M  = ~y~y  [(1 + e~Xl sin XI -  e~xl (cos XI -  sin X/))(e-^  (cos Xx -  sin Xx))] 
AX
-  [(1 + 2e~xl sin XI -  e~xl (cos XI -  sin Xl))(e~u  cos Xx)]
+ [e~Lx sinXr] + [e"X(/_JC) sinX (/-x)]
(B.6)
where x  = distance along the beam from the end of the udl (m)
/ = half length of the udl (m)
For the bending moment distribution outside the loaded area:
M  = ~y y  [(1 + e~xl sin XI -  e~xl (cos XI -  sin X/))(e”^  (cos Xx -  sin Xx))] 
AX
- [ ( l  + 2e->J sin XI -  e~'1 (cos/./-  sin Xl))(e~“ cos Ax)]
+ [e_l* sinX x]-[e“l(*“,) sin X(x- l )]
(B.7)
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A p pe n d ix  C - L ap  Sh e a r  Test  Re su l t s
For each material tested, failure stress has been plotted against the surface 
preparation. The mean value of the three data points has been used, with the 
maximum and minimum values also shown.
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APPENDIX C-l 
Material: Epoxy 1
Table C-l Results of lap shear test on Epoxy 1 samples
Surface preparation 
(see Table 4.2)
Failure stress (MN/m2)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 1.64 2.06 - 1.85 adhesion
Wet untreated 2.95 3.68 4.11 3.58 adhesion
Dry untreated 3.93 3.83 2.60 3.45 adhesion
Dry wire-brushed 3.41 2.51 3.10 3.00 adhesion
Dry shotblasted 3.63 3.28 3.86 3.59 adhesion
note - clay-coated specimen no. 3 was broken during landling
4
3
2
1
0
Clay-coated Wet untreated Dry untreated Dry wire-brushed Dry shotblasted
Surface preparation
Figure C-l Failure stress of Epoxy 1 in lap shear for various surface preparations
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Appendix C - Lap Shear Test Results 
APPENDIX C-2
Material: Epoxy 2
Table C-2 Results of lap shear test on Epoxy 2 samples
Surface preparation 
(see Table 4.2)
Failure stress (MN/m2)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated - 1.47 1.43 1.45 adhesion
Wet untreated 2.27 2.11 1.86 2.08 adhesion
Dry untreated 2.98 2.62 2.57 2.72 adhesion
Dry wire-brushed 2.67 3.19 2.36 2.74 adhesion
Dry shotblasted 5.97 3.00 3.53 4.17 adhesion
note - clay-coated specimen no. 1 was broken during landling
6
5
4
3
2
1
0
Qay-coated Wet untreated Dry untreated Dry wre-brushed Dry shotblasted
Surface preparation
Figure C-2 Failure stress of Epoxy 2 in lap shear for various surface preparations
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APPENDIX C-3 
Material: Epoxy 3 
Table C-3 Results of lap shear test on Epoxy 3 samples
Surface preparation 
(see Table 4.2)
Failure stress (MN/m2)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 0.00 0.05 0.69 0.25 adhesion
Wet untreated 1.23 1.45 2.92 1.87 adhesion/combined
Dry untreated 2.98 3.61 3.94 3.51 combined
Dry wire-brushed 1.93 4.07 5.05 3.68 adhesion/combined
Dry shotblasted 5.35 5.52 6.14 5.67 cohesion
note - clay-coated specimens nos. 1 & 3 were partially cracked during handling
fa
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Clay-coated Wet untreated Dry untreated Dry wire-brushed Dry diot Wasted
Surface preparation
Figure C-3 Failure stress of Epoxy 3 in lap shear for various surface preparations
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APPENDIX C-4
Material: Epoxy 4 
Table C-4 Results of lap shear test on Epoxy 4 samples
Surface preparation 
(see Table 4.2)
Failure stress (MN/m2)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 0.90 1.40 1.35 1.21 adhesion
Wet untreated 1.59 1.67 2.12 1.79 adhesion
Dry untreated 3.25 3.39 4.06 3.57 adhesion
Dry wire-brushed 3.78 2.98 3.38 3.38 adhesion/combined
Dry shotblasted 3.93 4.42 5.08 4.48 cohesion
| 
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Gay-coated Wet intreated Dry untreated Dry wre-brushed Dry shotblasted
Surface preparation
Figure C-4 Failure stress of Epoxy 4 in lap shear for various surface preparations
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APPENDIX C-5 
Material: Epoxy 5
Table C-5 Results of lap shear test on Epoxy 5 samples
Surface preparation 
(see Table 4.2)
Failure stress (MN/m2)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 1.77 1.57 1.67 combined
Wet untreated 4.05 5.44 4.75 combined
Dry untreated 5.97 6.55 5.27 5.93 adhesion
Dry wire-brushed 6.93 7.09 7.01 adhesion
Dry shotblasted 7.80 7.01 6.94 7.25 cohesion
8
6
4
2
0
Gay-coated Wet untreated Dry untreated Dty wire-brushed Dry shotblasted
Surface preparation
Figure C-5 Failure stress of Epoxy 5 in lap shear for various surface preparations
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Appendix C  -  Lap Shear Test Results
APPENDIX C-6 
Material: Silicone 1
Table C-6 Results of lap shear test on Silicone 1 samples
Surface preparation 
(see Table 4.2)
Failure stress (MN/m2)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 0.06 0.12 - 0.09 adhesion
Wet untreated 0.06 0.09 - 0.07 adhesion
Dry untreated 0.19 0.22 0.19 0.20 adhesion/combined
Dry wire-brushed 0.26 0.12 0.15 0.18 adhesion/combined
Dry shotblasted 0.16 0.17 0.24 0.19 adhesion/combined
note - clay-coated and wet untreated specimens no. 3 were broken during handling
0.25-
B a2 0 “
0.15-
0.05-
0.00 4
Gay-coated Wet untreated Dty untreated Ety wire-brushed Dry shotblasted
Surface preparation
Figure C-6 Failure stress of Silicone 1 in lap shear for various surface preparations
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Appendix C - Lap Shear Test Results
APPENDIX C-7 
Material: Silicone 2
Table C-7 Results of lap shear test on Silicone 2 samples
Surface preparation 
(see Table 4.2)
Failure stress (MN/m2)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated
Wet untreated 0.24 0.24 adhesion
Dry untreated
Dry wire-brushed 0.14 0.16 0.17 0.16 combined
Dry shotblasted 0.16 0.19 0.19 0.18 combined
0.25-
^  0.20 -  
S
0.15-co
Xfl
0. 10 -
0.05
0.00
Wet intreat ed Dry shotblasted
Surface preparation
Figure C-7 Failure stress of Silicone 2 in lap shear for various surface preparations
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Appendix C - Lap Shear Test Results
APPENDIX C-8
Material: Silicone 3
Table C-8 Results of lap shear test on Silicone 3 samples
Surface preparation 
(see Table 4.2)
Failure stress (MN/m2)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated
Wet untreated
Dry untreated 0.00 0.00 adhesion
Dry wire-brushed 0.06 0.06 0.06 0.06 combined
Dry shotblasted 0.07 0.07 0.07 0.07 cohesion
0.06-
(N
a
0.04-
g  0.02-
0.00
Dty untreated Dty shotblasted
Surface preparation
Figure C-8 Failure stress of Silicone 3 in lap shear for various surface preparations
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Appendix C - Lap Shear Test Results
APPENDIX C-9
Material: Butyl Rubber 
Table C-9 Results of lap shear test on Butyl Rubber samples
Surface preparation 
(see Table 4.2)
Failure stress (MN/m2)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 0.19 0.17 0.18 0.18 adhesion
Wet untreated 0.12 0.12 0.11 0.12 adhesion
Dry untreated 0.10 0.10 0.07 0.09 adhesion
Dry wire-brushed 0.12 0.12 0.10 0.12 adhesion
Dry shotblasted 0.10 0.16 0.16 0.14 adhesion
0.20 -
CN 0.15-
$  0.10-
^  0.05-
0.00
Clay-coated Wet untreated Dry untreated Dry wire-brushed Diy shotblasted
Surface preparation
Figure C-9 Failure stress of Butyl Rubber in lap shear for various surface
preparations
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Appendix C - Lap Shear Test Results 
APPENDIX C-10 
Material: Phenolic 
Table C-10 Results of lap shear test on Phenolic samples
Surface preparation 
(see Table 4.2)
Failure stress (MN/m2)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 0.44 0.32 1.40 0.72 adhesion
Wet untreated 2.30 2.74 2.77 2.60 adhesion
Dry untreated 2.27 2.59 1.92 2.26 adhesion
Dry wire-brushed 3.14 3.03 3.28 3.15 combined
Dry shotblasted 4.12 3.85 3.55 3.84 combined
Dry water-jetted 4.41 3.89 4.15 combined
<<r
$
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2
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0
Qay-coated Wet untreated Dry untreated Dry wire-brushed Dry shotblasted Dry water-jetted
Surface preparation
Figure C-10 Failure stress of Phenolic in lap shear for various surface preparations
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Appendix C - Lap Shear Test Results
APPENDIX C -ll
Material: Acrylic 
Table C -ll Results of lap shear test on Acrylic samples
Surface preparation 
(see Table 4.2)
Failure stress (MN/m2)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 0.00 0.06 0.03 adhesion
Wet untreated 0.21 0.26 0.26 0.25 adhesion
Dry untreated 1.22 0.90 1.02 1.05 adhesion
Dry wire-brushed 2.06 2.03 2.14 2.08 adhesion
Dry shotblasted 4.54 4.68 4.95 4.72 cohesion
Dry water-jetted 5.25 4.81 4.20 4.75 combined
5
4
3
2
1
0
day-coated Wet untreated Dry untreated Dry wire-brushed Dry dxXblasted Dry water-jetted
Surface preparation
Figure C -ll Failure stress of Acrylic in lap shear for various surface preparations
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A ppendix  D  - P la te  P ressure Test R esults
A p pe n d ix  D - Pla te  Pr essu r e  T e st  Resu lts
For each material tested, failure pressure has been plotted against the surface 
preparation. The mean value of the three data points has been used, with the 
maximum and minimum values also shown.
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Appendix D - Plate Pressure Test Results
APPENDIX D-l
Material: Epoxy 1
Table D-l Results of pressure test on Epoxy 1 samples
Surface preparation 
(see Table 4.2)
Failure pressure (kPa)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 600 700 800 700 cohesion
Wet untreated 2300 - 800 1000 adhesion/cohesion
Dry untreated 2700 2400 4600 3200 adhesion/cohesion
Dry wire-brushed 4700 3200 3400 3800 cohesion
Dry shotblasted 6000 3700 3000 4200 cohesion
note - and wet untreated specimen no. 2 was broken during handling
6000 
5000
/n?s
S' 4000
a  3000
I
2000 
1000 
0
Qay-coated Wet untreated Dry intreated Dry wre-bnriied Dry diotUasted
Surface preparation
Figure D-l Failure pressure of Epoxy 1 for various surface preparations
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Appendix D - Plate Pressure Test Results 
APPENDIX D-2 
Material: Epoxy 2 
Table D-2 Results of pressure test on Epoxy 2 samples
Surface preparation 
(see Table 4.2)
Failure pressure (kPa)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 300 300 700 400 adhesion
Wet untreated 3200 1400 900 1800 cohesion
Dry untreated 1000 900 2300 1400 cohesion
Dry wire-brushed 2900 900 2800 2200 cohesion
Dry shotblasted 1600 2700 2300 2200 cohesion
153Ph
3000
2000
1000
Gay-coated Wet untreated Dry untreated Dry wre-hrushed Dry shotblasted
Surface preparation
Figure D-2 Failure pressure of Epoxy 2 for various surface preparations
Claire Ashton - MPhil 218
Appendix D - Plate Pressure Test Results 
APPENDIX D-3
Material: Epoxy 3
Table D-3 Results of pressure test on Epoxy 3 samples
Surface preparation 
(see Table 4.2)
Failure pressure (kPa)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 1500 1200 1000 1200 adhesion/cohesion
Wet untreated 1800 2000 800 1500 adhesion/cohesion
Dry untreated 2000 2300 2500 2300 cohesion
Dry wire-brushed 1500 2000 1600 1700 cohesion
Dry shotblasted 2200 2100 1600 2000 cohesion
2500 
2000 
|  1500
J  1000
Ph
500 
0
Qay-coated Wet intreated Dry untreated Dywre-bririied Dry diotbiasted
Surface preparation
Figure D-3 Failure pressure of Epoxy 3 for various surface preparations
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Appendix D - Plate Pressure Test Results 
APPENDIX D-4 
Material: Epoxy 4 
Table D-4 Results of pressure test on Epoxy 4 samples
Surface preparation 
(see Table 4.2)
Failure pressure (kPa)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 400 600 700 600 adhesion
Wet untreated 1400 900 1100 1100 cohesion
Dry untreated 1200 2100 1100 1500 cohesion
Dry wire-brushed 2300 1600 2100 2000 cohesion
Dry shotblasted 1400 1700 1000 1400 cohesion
g 1000
Qay-coaled Wet untreated Dry untreated D y  wire-brushed Dry shotblasted
Surface preparation
Figure D-4 Failure pressure of Epoxy 4 for various surface preparations
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APPENDIX D-5 
Material: Epoxy 5 
Table D-5 Results of pressure test on Epoxy 5 samples
Surface preparation 
(see Table 4.2)
Failure pressure (kPa)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 1800 700 0 800 adhesion/cohesion
Wet untreated 1 1 0 0 2300 1700 cohesion
Dry untreated 2 2 0 0 2600 - 2400 cohesion
Dry wire-brushed 2 2 0 0 3200 - 2700 cohesion
Dry shotblasted 2300 4800 5800 4300 cohesion
note - dry untreated and wire-brushed specimens no. 3 were broken during handling
3000
2000 -
1000
Gay-coated Wet intreated Dry untreated Dry vire-brushed Dry shotblasted
Surface preparation
Figure D-5 Failure pressure of Epoxy 5 for various surface preparations
C laire A shton  -  M P hil 221
Appendix D - Plate Pressure Test Results
APPENDIX D-6
Material: Silicone 1
Table D-6 Results of pressure test on Silicone 1 samples
Surface preparation 
(see Table 4.2)
Failure pressure (kPa)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 0 200 100 cohesion
Wet untreated 0 0 0 cohesion
Dry untreated 300 300 200 300 adhesion/cohesion
Dry wire-brushed 200 200 200 combined/cohesion
Dry shotblasted 300 200 0 200 adhesion/combined/
cohesion
300"
250'
1 200'
a o i
n
*e3 ioo-
50"
0 J
Qay-coated Wet untreated Dtyintreated Drywre-trushed Dry shotblasted
Surface preparation
Figure D-6 Failure pressure of Silicone 1 for various surface preparations
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Appendix D - Plate Pressure Test Results 
APPENDIX D-7 
Material: Silicone 2 
Table D-7 Results of pressure test on Silicone 2 samples
Surface preparation 
(see Table 4.2)
Failure pressure (kPa)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated
Wet untreated
Dry untreated 200 200 200 200 adhesion/combined
Dry wire-brushed
Dry shotblasted - 200 200 200 adhesion/cohesion
note - dry shotblasted specimens no. 1 was broken during handling
Dry untreated Dry shotblasted
Surface preparation
Figure D-7 Failure pressure of Silicone 2 for various surface preparations
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APPENDIX D-8
Material: Silicone 3
Table D-8 Results of pressure test on Silicone 3 samples
Surface preparation 
(see Table 4.2)
Failure pressure (kPa)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated
Wet untreated 500 500 cohesion
Dry untreated
Dry wire-brushed 400 500 500 500 cohesion
Dry shotblasted 400 600 400 500 cohesion
500-
400-
200 -
100 "
Wet untreated Dry shotblasted
Surface preparation
Figure D-8 Failure pressure of Silicone 3 for various surface preparations
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Appendix D - Plate Pressure Test Results
APPENDIX D-9
Material: Butyl rubber
Table D-9 Results of pressure test on Butyl rubber samples
Surface preparation 
(see Table 4.2)
Failure pressure (kPa)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 0 0 0 0 adhesion/combined
Wet untreated 0 0 0 0 adhesion/combined
Dry untreated 0 0 0 0 adhesion/combined
Dry wire-brushed 0 0 0 0 combined
Dry shotblasted 0 0 0 0 combined
(No graph has been plotted for butyl rubber pressure test samples as no positive
failure pressures were recorded)
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Appendix D - Plate Pressure Test Results
APPENDIX D-10
Material: Phenolic
Table D-10 Results of pressure test on Phenolic samples
Surface preparation 
(see Table 4.2)
Failure pressure (kPa)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 700+ 700+ 300 600+ combined
Wet untreated 700+ 700+ 700+ 700+ -
Dry untreated 500 500 600 500 combined
Dry wire-brushed 700+ 700+ 700+ 700+ -
Dry shotblasted 700 700+ 700+ 700+ combined
Dry water jetted 600 700 700 cohesion
CO
8
O h
600 -
Qay-coated Wet untreated Dry untreated Dry wire-brushed Dry shotblasted Dry water jetted
Surface preparation
Figure D-10 Failure pressure of Phenolic for various surface preparations
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Appendix D - Plate Pressure Test Results
APPENDIX D -ll
Material: Acrylic 
Table D -ll Results of pressure test on Acrylic samples
Surface preparation 
(see Table 4.2)
Failure pressure (kPa)
No. 1 No. 2 No. 3 Mean
Failure mode 
(see Section 4.2.2.3)
Clay-coated 0 200 - 100 adhesion
Wet untreated 800 900 100 600 adhesion/cohesion
Dry untreated 300 100 600 300 adhesion
Dry wire-brushed 300 600 700 500 combined
Dry shotblasted 200 600 1500 800 combined/cohesion
Dry water jetted 2300 3900 900 2400 adhesion/cohesion
•53
Ph
4000 -
3000
2000
1000 -
Gay-coated Wet untreated Dry untreated Diy wire-brushed Dry shotblasted Dry water jetted
Surface preparation
Figure D -ll Failure pressure of Acrylic for various surface preparations
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A ppendix  E  - F ull-Scale P ressure Test R esults
A p pe n d ix  E - Fu l l -S ca le  Pr essu r e  T est  R e su l t s
Table E Results of full-scale pressure test
Reference Failure
pressure
(kPa)
Failure mode
Epoxy 1 (unmodified)
No. (372) failure o f  pipe (not repair) due to pinhole corrosion
No. 2 987 full circumferential crack and piece blown out
No. 3 - poor application - leaking whilst filling rig
Epoxy 1 (20% CaCo2)
No. 850 circumferential crack
No. 2 1200+ not failed - continued to bend testing
No. 3 1189 pinholes then circumferential crack
Epoxy 1 (40% CaCo2)
No. 1 948 full circumferential crack - note pipes moved apart
No. 2 1200+ not failed - continued to bend testing
No. 3 - poor application - leaking whilst filling rig
Acrylic
No. 1 391 pinhole failure - achieved 1200 kPa whilst leaking
No. 2 395 several pinhole failures
No. 3 - poor application - leaking whilst filling rig
Butyl + Tape 1 373 cohesive failure of butyl and adhesive failure of tape to pipe
Butyl + Tape 2 114 cohesive failure of butyl and adhesive failure of tape to pipe
Tape 2 200 adhesive failure of tape to pipe
Epoxy 1 + Hypalon 335 adhesive failure of epoxy to hypalon bandage
Polyurethane/polyester 150 seepage through bandage
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A p pe n d ix  F - B end  Te st  R e su l t s
Bend testing was carried out in four-point loading at the Constructional Materials 
Laboratory of the University of Surrey. The load was applied slowly at a rate of 
approximately 1.5 kN/minute. Two dial gauges were used to take deflection 
measurements for every 0.5 kN of load applied. The position of the dial gauges is 
shown in Figure F-l. The distance from dial gauges Ga and Gb to the centre of the 
pipe cross section is given by da and db, respectively. The offset of the dial gauges 
from the centreline of the repair is given by /.
d,d,
50mm 
< — >1
250mm
(a) (b)
Figure F-l Position of dial gauges for bend testing (a) in section, (b) in side
elevation.
For the following results, the net deflection for the two dial gauges has been 
calculated as:
/  f s c d a Yi<j„ a
5C„ + v db j  j
(F-l)
where 8net = net deflection
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A ppendix  F  - B end Test Results
hGa = deflection, dial gauge Ga 
hGb = deflection, dial gauge Gb 
da = distance Ga to centreline of repair 
db = distance Gb to centreline of repair
The deflection has then been extrapolated to the centreline of the pipe section, using:
2508„p/
5 , = 7------^  (F.2)
centre (250-/)
where bnet = deflection at centre
/ = longitudinal offset of dial gauges from centre of repair
The bending stress has been calculated by using Equation 3.2:
My
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A ppendix  F  - B en d  Test R esults
APPENDIX F-l 
Material: Epoxy 1 (20% modified with CaC02)
Table F-l Results of bend test on Epoxy 1 (20% modified) pipe section
Load
(kN)
Deflection Ga 
(mm)
Deflection Gb 
(mm)
Net deflection 
(mm)
Deflection at centre 
(mm)
0.50 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
1 . 0 0 -0 . 1 0 0.16 0.03 0.05
1.50 -0.18 0.30 0.06 0.09
2 . 0 0 -0.19 0.38 0.09 0.14
2.50 -0.17 0.40 0 . 1 2 0.17
3.00 -0.16 0.44 0.14 0 . 2 1
3.50 -0.16 0.49 0.16 0.24
4.00 -0.15 0.51 0.18 0.26
4.50 -0.13 0.52 0 .2 0 . 0.29
5.00 -0 . 1 0 0.53 0 . 2 2 0.32
5.50 -0.08 0.54 0.23 0.34
6 . 0 0 -0.06 0.55 0.25 0.36
6.50 -0.04 0.56 0.26 0.38
7.00
7.25
-0 . 0 2 0.57 0.28 0.41
da = 192 mm, db = 175 mm, 1 = 19 mm
Maximum bending stress = 18.4 MN/m2
where internal repair diameter, d=  118 mm 
external repair diameter, D = 125 mm 
distance between supports, L = 500 mm 
distance between load points, x = 1 0 0  mm
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0.45
0 .4 0  --
0 .3 5  -
0 .3 0  ~
0 .2 5  -
0.20  - -
0 .1 5  --
0.10  - -
0 .0 5  -
0.00
8.006.00 7 .0 04 .0 0 5 .0 02.00 3 .0 01.000.00
Load (kN)
Figure F-2 Load plotted against deflection for Epoxy 1 (20% modified)
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APPENDIX F-2 
Material: Epoxy 1 (40% modified with CaC02)
Table F-2 Results of bend test on Epoxy 1 (40% modified) pipe section
Load
(kN)
Deflection Ga 
(mm)
Deflection Gb 
(mm)
Net deflection 
(mm)
Deflection at centre 
(mm)
0.50 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
1 .0 0 -0.06 0 . 1 1 0.03 0.04
1.50 -0.07 0.17 0.05 0.08
2 . 0 0 -0.05 0 . 2 0 0.07 0 . 1 1
2.50 -0.03 0 . 2 2 0.09 0.14
3.00 0 . 0 1 0.23 0 . 1 2 0.18
3.50 0.04 0.23 0.14 0 . 2 1
4.00 0.08 0.23 0.15 0.23
4.50 0 . 1 2 0 . 2 2 0.17 0.26
5.00 0.14 0 . 2 2 0.18 0.27
5.50 0.18 0.23 0 . 2 0 0.31
6 . 0 0 0.23 0.23 0.23 0.35
6.50 0.28 0.23 0.26 0.39
7.00 0.31 0.23 0.27 0.41
7.50 0.34 0.24 0.29 0.44
8 . 0 0 0.36 0.25 0.31 0.47
8.50 0.37 0.25 0.31 0.47
9.00
9.40
0.39 0.26 0.33 0.50
da = 180 mm, db = 192 mm, / = 8 6  mm
Maximum bending stress = 26.6 MN/m2
where internal repair diameter, d = 1 2 1  mm 
external repair diameter, D =127 mm 
distance between supports, L = 500 mm 
distance between load points, x  = 1 0 0  mm
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0.60
0.50 -
0.40 --
0.30 --
0.20  -
0.10 -
0.00
8.00 9.00 10.003.000.00 1.00 2.00 4.00 5.00 6.00 7.00
Load (kN)
Figure F-3 Load plotted against deflection for Epoxy 1 (40% modified)
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